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PREFACE. 



This little volume was prepared for the use of stu- 
dents of thermodynamics, and therefore I have en- 
deavored to bring together in logical order certain 
information concerning the construction, interpreta- 
tion, and applications to engineering problems of the 
temperatiu-e-entropy diagram, which otherwise would 
not be readUy available for them, as such information 
is scattered throughout various treatises. The book is 
not intended for the advanced student, as he is already 
familiar with its contents, neither is it expected that 
one entirely ignorant of thermodynamics can use it to 
advantage, as the reader is assumed to have an ele- 
mentary knowledge of the fundamental theory and 
equations. An exhaustive treatment has not been 
attempted, but it is believed that the graphical presen- 
tation here given will aid the student to a clearer 
comprehension of the fundamental principles of thermo- 
dynamics and make it possible for him to read under- 
standingly more pretentious works. 

Charles W. Berry. 

Massachusetts Institute or Technology, 
January, 1905. 
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INTRODUCTION. 



It seems necessary in a book dealing with the appli- 
cation of the temperature-entropy diagram to discuss 
briefly that "ghostly quantity," entropy, although I 
do not intend to give any new definition of a function 
already too variously defined, but rather to pick out 
such of the present ones as are correct. 

One has but to plot an irreversible adiabatic process 
in the temperature-entropy plane to realize once and 
for all that ' the entropy does not necessarily remain 
constant along an adiabatic line. In fact isentropic 
and adiabatic changes coincide only when the latter 
process is reversible: and such a change practically 
never occurs in nature. For example, in one irrevers- 
ible adiabatic expansion representing the flow through 
a non-conducting porous plug, the heat added is zero, 

so that / -fp = 0, but nevertheless the entropy of 

the substance increases. It is even possible to imagine 
an irreversible process which is at the same time isen- 
tropic. Suppose a gas to expand through a nozzle 
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Vlll INTRODUCTION. 

losing heat by radiation and conduction and also 
undergoing friction losses whereby part of its kinetic 
energy is dissipated and restored to the gas as heat. 
The loss of heat by radiation and conduction will re- 
duce the entropy of the gas, while the gain of heat by 
friction will increase it. It is possible to consider 
these two opposing influences as equal, and then the 
flow will be isentropic although not adiabatic. 

The entropy of a substance, just as much as its 
mtrinsic energy, specific volume, specific pressure, or 
temperature, has a definite value for each position of 
the state point upon the characteristic surface, and 
the increase in the value of the entropy in changing 
from one point to another is a definite quantity regard- 
less of the path chosen. The magnitude of this increase 

is equal to / -^, taken along any reversible path 

between these points. This fact has led to the inexact 

/if) 

definition of change of entropy, d(j} = -jr, a definition 

true only for ideal reversible processes and hence 
utterly wrong when applied to actual irreversible pro- 
cesses, as in general d<p >"m"- 

Since for reversible cycles d^ = -=-, it follows that 
the heat added during any reversible change is equal 
to Q= I Td4>, and for an isothermal process 
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Q = T{(j)2 — <f>i). This is undoubtedly the basis for all 
the physical analogies attempting to explain entropy 
as heat-weight, etc., and also for the name "heat 
diagram" applied to the temperature-entropy diagram. 
The area under a curve in the T^-plane is equal to 
the heat received from, or rejected to, some outside 
body only when the process is reversible. 

Similarly if the specific pressure and specific volume 
of a gas could be ascertained at various points in its 
passage through a porous plug, these points if plotted 
would form a pi;-curve giving a true history of the 
movement of the state point, but the area under the 
curve would not represent work, as no external work 
has been performed. 

Preston in his Theory of Heat says: "The entropy 
of a body being taken arbitrarily as zero in some stand- 
ard condition A, defined by some standard temperature 
and pressure (or voltime), the entropy in any other 

-™- taken along any reversible 

path by which the body may be brought to B from the 
standard state A. The path may obviously be an arc 
AG of an isothermal line passing through the point 
defining the standard state, together with the arc BC of 
the adiabatic line passing through B. The entropy in 
the state B may consequently be measured thus. Let 
the volume be changed adiabatically " (reversible 
process) "\mtil the standard temperature T is attained, 
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and then change the vohime isothermally until the 
standard pressure is attained. If the quantity of heat 




imparted during the latter operation be Q, the entropy 



in the state B is fj) = 



Q 



" In this operation the temperature and pressure are 
supposed uniform throughout the body. ... If, how- 
ever, any body be subject to operations which produce 
inequalities of temperature in the mass, there wiU 
be a transference of heat from the warmer to the colder 
parts by conduction and radiation, and although the 
body may neither receive heat from nor give it out to 
other bodies (so that the transformation is adiabatic 
throughout), yet on account of the inequalities of tem- 
perature, the entropy of the mass will increase, . . . 
and under these circimistances the transformation will 
not be isentropic." 

Swinburne in his Entropy says: "Entropy may be 
defined thus: Increase of entropy is a quantity which, 
when multiplied by the lowest available temperature, 
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gives the incurred waste. In other words, the increase of 
entropy multipUed by the lowest temperature available 
gives the energy that either has been already irrevocably 
degraded into heat during the change in question, or 
must, at least, be degraded into heat in bringing the 
working substance back to the standard state. . . . 

"Thus the entropy of the body in state B is not a 
function of the heat actually taken in during its change 
from A to B, as the change must have been partially, 
and may have been wholly, irreversible; but it can be 
measured as a function of the heat which would have 
to be taken in to change from A to B reversibly, or 
which would have to be given out if the substance were 
changed from B to A reversibly, which amounts to 
the same thing. . . . 

"The entropy of a body therefore depends only on the 
state, and not on its past history." 

Planck in his Treatise on Thermodynamics writes 
(see English translation by Ogg): 

"A process which can in no way be completely 
reversed is termed irreversible, all other processes re- 
versible. That a process may be irreversible, it is not 
sufficient that it cannot be directly reversed. This 
is the case with many mechanical processes which are 
not irreversible. The fioll requirement is, that it be 
impossible, even with the assistance of all agents La 
nature, to restore everywhere the exact initial state 
when the process has once taken place. , . . The gen- 
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eration of heat by friction, the expansion of a gas 
without the performance of external work, and the 
absorption of external heat, the conduction of heat, 
etc., are irreversible processes. 

"Since there exists in nature no process entirely 
free from friction or heat-conduction, all processes 
which actually take place in nature, if the second 
law be correct, are in reality irreversible; reversible 
processes form only an ideal limiting case. They are, 
however, of considerable importance for theoretical 
demonstration and for application to states of equilib- 
rium. 

"// a homogeneous body be taken through a series 
of states of equilibrium, that follow continuously from 
one another, back to its initial state, then the summation 

of the differential ^ extending over all the states 

of that process gives the value zero. It follows that, if 
the process be not continued until the initial state, 1, 
is again reached, but be stopped at a certain state, 2, 

the value of the summation / yJ- — depends 

only on the states 1 and 2, not on the manner of the 
transformation from state 1 to state 2. . . . 

"The (above) integral . . . has been called by 
Clausius the entropy of the body in state 2, referred 
to state 1 as the zero state. The entropy of a body in 
a given state, hke the internal energy, is completely 
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determined up to an additive constant, whose value 
depends on the zero state. 

"It is impossible in any way to diminish the entropy 
of a system of bodies without thereby leaving behind 
changes in other bodies. If, therefore, a system of 
bodies has changed its state in a physical or chemical 
way, without leaving any change in bodies not belong- 
ing to the system, then the entropy in the final state 
is greater than, or, in the limit, equal to the entropy 
in the initial state. The limiting case corresponds to 
reversible, all others to irreversible, processes. 

"The restriction . . . that no changes must remain 
in bodies outside the system is easily dispensed with by 
including in the system all bodies that may be affected 
in any way by the process considered. The proposition 
then becomes: 

"Every physical or chemical process in nature takes 
place in sv^h a way as to increase the sum of the entropies 
of all the bodies taking any part in the process. In the 
limit, i.e. for reversible processes, the sum of the entropies 
remains unchanged. This is the most general state- 
ment of the second law of Thermodynamics." 
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A =y =Heat equivalent of a unit of work. 

Apu =Heat equivalent of the external work of vaporization, 
c = General expression for the specific heat during any change. 
Cp= Specific heat at constant pressure, 
c" = Specific heat at constant volume. 
£= Internal (intrinsic) energy in work units =5+/. 
1) = Thermal efficiency of an engine. 
F=Area (Flache). 
(?=Weight (Gewicht). 
9"= Acceleration due to gravity. 
ff=Total heat above some arbitrary zero, =g, q+xr, X, 

X+Cpitg-t). 
/i= Specific heat of dry saturated vapor. 
I = Internal energy due to separation of molecules. 

K=~ for a perfect gas. 

X =Total heat of dry saturated vapor =g+r-. 

n = Exponent of the polytropic change jsw" =c. 

p = Specific pressure. 

^= General expression for entropy. 

Q=Heat received from or exhausted to some outside body. 

q =Heat of the liquid. 

R=^, for a perfect gas. 
r =Total latent heat of vaporization = o + Apu. 
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SYMBOLS USED IN THE FOLLOWING PAGES. 

/o = Internal latent heat of vaporization. 

r 

„ = Entropy of vaporization. 

S = Internal energy due to vibration of molecules. 

s = Specific volume of a dry saturated vapor. 

ff= Specific volume of a liquid. 

!r= Temperature in degrees absolute, Fahrenheit or Centi 
grade. 

t = Temperature in degrees Fahrenheit or Centigrade. 
ta = Temperature of superheated vapor. 

S = Entropy of the liquid =j -fjr. 

M= Increase of volume due to vaporization =s — (». 
V = General value of specific volume = a, xu + a, s, etc. 
V = Velocity in linear units per second. 

^ = Kinetic energy of a jet in work units. 

W ='Work performed by or upon a substance, 
a; = Quality of a unit weight of a mixture of a liquid and its 
vapor. 
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CHAPTER I. 

GENERAL DISCUSSION. REVERSIBLE PROCESSES AND 
CYCLES. 

The condition of a substance is in general completely- 
defined by any two of its five characteristic properties, 
specific pressure, specific volume, absolute temperature, 
intrinsic energy, and entropy. The relations existing 
between any three of these qualities being expressed 
by the formula z=f(x, y). Exceptions to this occur 
in the case of saturated vapors, where specific pressure 
and temperature alone do not suflSce to define com- 
pletely the state of the body, and in the case of per- 
fect gases, where isodynamic and isothermal changes 
coincide. 

In the analjiiical solution of thermodjmamic problems 
those formulae are used which contain the properties 
most important for the investigation in hand. 
Similarly in graphical solutions any pair of character- 
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istics may be used as coordinates as convenient and 
then the curves, y=fix), expressing the relations 
between the varioixs characteristics drawn in this 
xy-Tplaxie, assume different forms according to the 
laws of variation of the five variables p, v, t, E, and (f>. 

The pressure-volume diagram, or yw-diagram, is the 
one most widely used, as its coordinates are those 
common to every-day experience, but for some investi- 
gations of heat-transference, changes of temperature, 
changes of entropy, etc., the temperature-entropy 
diagram, or the T^-diagram, lends rnore ready assist- 
ance. 

As a consequence of the fimdamental relation 
z=f{x, y), any curve p=fi(v) in the jw-plane has its 
counterpart <f>=f2(T) in the T^-plane; both being but 
special projections of the same change on the charac- 
teristic surface. 

In the following a discussion will be given of the 
different forms assumed by the curve <j)=fit), in the 
case of perfect gases, saturated steam, and superheated 
steam imder the conditions of constant temperature, 
constant entropy, constant pressure, constant volume, 
constant intrinsic energy, etc., and also a considera- 
tion of the interpretation to be given to the areas 
included between any given curve and the axis, together 
with certain other interesting details. 

If 0(f> and OT (Fig. 1) represent the axis of entropy 
and temperature respectively, any isothermal change, 
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as at the temperature t^, will be represented by a hori- 
zontal line ab, and similarly any isentropic change 
(or adiabatic in the case of a reversible process) will 
be represented by a vertical line, as cd. The forms of 
the curves for constant pressure, etc., will vary with 
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Fig. 1. 

the state of the substance and will be investigated 

for each special case. 

Let AB represent any reversible process and let c 

be the specific heat of the substance during this change. 

In order to increase the temperature of a tmit weight 

of the substance by the amount dt there will be necessary 

the expenditure of the heat dQ=cdt. But for a re- 

dQ 
versible cycle there exists the further relation d<p = -~r> 

or dQ = Td<f), and therefore 



or 



dJQ = cdt=Td4>, 

odt= I Tdi>. 



(1) 
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Td4> represents the area included between 

the curve AB and its projection upon the (j)-SLxis. 
Hence the heat necessary to produce any reversible change 
is represented by the area under the curve in the T<f>-plane. 
The differential form of equation (1) leads at once 
to the expression 

-4 (^) 

At any point n of the curve AB draw the tangent 
nm and construct the infinitesimal triangle dtd(j>. 
Then from similar triangles 

mr : T=d(j) : dt, 

or "^"--^Tt^"' 

i.e., if from any point in a curve representing a re- 
versible process a tangent be drawn, the length of the 
subtangent on the ^-axis represents the momentary 
value of the specific heat for that change. 

In Fig. 2 {A) let AmBnA represent a reversible cycle 
in which AmB is the forward stroke and the area 
aAmBb represents the heat received from external 
sources, and where BnA is the return stroke and the 
area aAnEb represents the heat rejected. On the 
completion of the cycle the intrinsic energy has regained 
its initial value and therefore the difference between 
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the heat received and the heat rejected, i.e., the magni- 
tude of the enclosed area AmBnA, must represent the 
amount of heat changed into work. 

Camot Cycle.^ — ^In the case of the Carnot engine this 
choice of coordinates leads to a beautiful simplicity. 
The cycle Fig. 2 (jB) becomes a rectangle consisting 




« 




(A) 



Fig. 2. 



(B) 



of (1) the isothermal expansion cd, during which is 

received the heat Qi= /• T, d^ = Ti{^2-4>i)> repre- 

sented by the total rectangle ^■fid4>2'> (2) the adiabatic 
line de; (3) the isothermal compression during which 

is rejected the heat ^2= / 2^2^ = 7 2(^2-^1), repre- 

J #1 

sented by 0i/e02J and (4) the adiabatic compres- 
sion /c. The heat changed into work is Qi— 62= 
T,{4>,-<i>,)-T,{<t>.-<f>^) = {T,-T,){4>,-<t>d. The effi- 
ciency, ij = —^ — -, is simply the ratio of the rectangles 
cdej and ^t^cd^^i and as these have the same base, the 
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areas are proportional to the altitudes and at once 



the efficiency becomes ij = 



T, 



Isodiabatic Cycles. — In deducing the equation 

d^ = -=7- for reversible cycles, use is made of the Carnot 

cycle and it is shown that no other cycle can have a 
greater efficiency. There are, however, a number of 
other cycles having the same efficiency as the Carnot 
within the same range of temperature. 
In Fig. 3, let the reversible cycle abed be formed by 




d' a' 



0' V <t> 



Fig. 3. 

the two isothermals ah and cd and of the two ciuves 
be and da. The curve he is arbitrary, but da is drawn 
like it, being simply displaced to the left. The heat 
turned into work during the cycle is abed, or equal to 
that of the equivalent Carnot cycle abef, but the heat 
supplied is d'daa' +a'ahb', or is greater than that needed 
to perform the same work with the Carnot cycle by 
the amount d'daa'. Now the heat rejected from 6 to d 
consists of the two parts, cdd'c', which passes to the 
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refrigerator at the lowest temperature T^ and is of 
necessity lost, and 66'c'c, which is rejected during a 
dropping temperature and which is strictly equal to 
the heat required to carry out the reverse operation da. 
Instead of being wasted, the heat rejected along he 
might be stored up and returned to the fluid along da, 
thus making no further demands upon the source of 
heat. In this manner the one operation would balance 
the other and the heat actually required from an 
external source would be represented by a'ahh', as in 
the Camot cycle. The heat actually rejected would 
also be represented by d'dcd, equal to a'feV, as in the 
Carnot cycle. Thus the adiabatic lines of the Carnot 
cycle would be replaced by two lines be and da, along 
which the interchanges of heat are compensated. The 
efficiency of such isodiabatic cycles would thus be equal 
to that of the Carnot cycle. 

The operations along the lines be and da may be 
imagined as follows. Heat only flows spontaneously 
from one body to another at a lower temperature. 
Thus the heat given up along be can be stored and 
utilized to effect the operation da, if the process be 
subdivided into very small differences of temperature 
and each portion of the heat rejected at the momentary 
temperature. Thus the heat rejected along be between 
the temperatures T +dT and T (Fig. 3) is returned 
along a portion of da at the same temperature. 

The difiiculty is to find a practical regenerator to 
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perform this duty. It must have large heat-conducting 
surfaces, and consist of a number of subdivisions at 
all temperatures between T^ and T2, and there must 
be no conduction of heat from any part to the next at 
lower temperature. To accomplish the operation along 
he, the working fluid passes successively through these 
divisions and deposits in each a part of its heat. Dur- 
ing the process da the fluid passes again through the 
divisions but in a reverse direction, from the coldest 
to the hottest. This ideal process can only be roughly 
realized as the regenerator has a limited conductibility, 
permits the flow of heat between adjacent sections, 
and can only store up heat if the fluid is much hotter 
and refund it if the fluid is much colder than itself. 
Therefore only the upper portion of the line be can 
actually be utilized to refund heat gratuitously along 
the lower portion of da. Hence in practice it should 
be possible to obtain a higher efiiciency with an engine 
working on the Carnot cycle, because those working 
on the isodiabatic cycle have the added losses of the 
regenerator. But theoretical efficiency is only one 
of several factors entering into the design of an actual 
engine and may be more than balanced by the increased 
size, cost, strength, etc., required to attain it. 

Reversible Cycles Less Efficient than the Carnot Cycle. 
— ^In Fig. 4 let AmB represent that part of a reversible 
cycle during which the maximum temperature t^ is 
reached and the heat aAmBb is received from external 
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9 



sources, and let BnA represent the return stroke during 
which the heat rejected is equal to aAnBb and the 
lowest temperature equal to ij. A Carnot cycle for 
the same limits of temperature would give the efficiency 

UQTS 

1}= — r. Any deviation of the expansion line AmB 

from the isothermal qmr diminishes both the numerator 
and denominator of ij by the same quantity, viz., the 




Fig. 4. 



areas Aqm and mrB, and hence the efficiency will be 
less. Further, any deviation of the compression line 
BnA from the lower isothermal snu will descrease the 
numerator and increase the denominator of rj, thus 
producing a still further decrease in the efficiency. 
Therefore in working between any two temperatures the 
highest possible efficiency will not be attained unless all 
the heat received is taken in at the upper temperature, 
and all the heat rejected is given out at the lower tem- 
perature. The only exception to this is in the case 
of the isodiabatic cycles already considered. 
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THE TEMPERATURE-ENTROPY DIAGRAM FOR 
PERFECT GASES. 

The fundamental heat equations for a perfect gas are 



dv 
dQ = c^dt + {c,-c^)T-, 



(3) 



and Cp-c^=AR, (4) 

which for reversible processes give three different expres- 
sions for entropy : 

T V 

4>2-4>x = C„ loge 7f + (Cp -C J l0g,-f 
■'1 ''1 

T p 

<f>2-4>i- <^P loge If - {Cp -C J loge-^, 

^ X Pi. 

4>i-<f>l = C„ log, J +Cp logej^. 
Pi "I 



(5) 



The curves for constant volume and constant pressure, 
respectively, in the T^-diagram become 



T. 



(6) 
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T 
and ^2-95i=Cplog.jr (7) 

If p=f(v) be the pv-projection of any curve on the 
characteristic surface pv=BT; to find the T^-projec- 
tion of the same curve it is only necessary to find 

V 7) 

— =/,(i) or ~=f2{t) from the above equations and to 
■''i Pi 

substitute them in the first and second forms, respec- 
tively, of equations (5). 

The most general form of p=f{v) with which the 
engineer is concerned is that of an indicator card, 

namely, 

pv"=PiVi"= a constant, .... (8) 

where the exponent is determined from any two points 
by means of the formula 

^^_ logpi-logp., 
log v^ -log Vi 

The respective projections of equation (8) on the 
Tv- and Tp-planes, as found by combination with the 
characteristic equation, are 

T'iV~' = ^2^2""' = a constant ... (9) 

l—n 1—n 

and TiPi » =TtP2 " = a constant, . . (10) 

whence it follows that 



12 THE TEMPERATURE-ENTROPY DIAGRAM. 

The substitution of equations (11) in the corresponding 
forms of equations (5) gives 

4>2 -<?!'i = c„ logey^ +(c,-c„) logj y-l 



or 



n 
T /T \ l—n 

02 - 01 = Cf log, jT - {Cp -C„) loge [^) 

= (,'^*-^^::i-rs^r;=^"-^^-i°g-7\- (i^) 

Equations (8), (9), (10), and (12) represent simply 
different projections of the same curve on the charac- 
teristic surface upon different planes. 
From equation (2), for perfect gases, 

dt T 

d4> = c-^, or ^2-^i = clog,^. . . (13) 

Comparison of equations (12) and (13) shows that the 
specific heat for the general expansion 'p^v^^ip^v.p' is 

«-."^; (i« 

i.e., the specific heat of any expansion of a perfect gas, 
pv"' = constant, can be expressed as a function of the 
specific heat at constant volume, the ratio of c^ and c^, and 
the exponent n of the expansion. 
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Let US consider equations (8), (12), and (14) for 
the following special cases: 

(1) For !r = const., j)v=RT = consta,nt, and n=l. 

1 —K 
Equation (14) becomes c=c^- -._-. = <»; i.e., for 

an isothermal change the heat capacity of the substance 
is infinite; that is to say, no matter how much heat is 
added the temperature will not change. 

Equation (12) becomes (j)2—<f>t=<xi-0; that is, the 
value of 4> niay undergo any change whatever and the 
y^-curve simply becomes 1* = const. 

(2) For ^ = constant, equation (12) gives n=K, 

tr 7^ 

and equation (14) becomes c = c^ j^_^ =0; i.e., for an 

isentropic change the heat capacity of the substance 
is nil; that is to say, the temperatiu-e of the substance 
can be increased or diminished without the addition 
or subtraction of heat as heat. Equation (8) becomes 
pv^ = constant. 

(3) For p = constant, equation (8) becomes v^=v^, 
hence n equals zero. 

From (14) c=c^-^ — T^'^^'~^^p> ^^'^ equation (12) 

T 
becomes ^2-0i=c^ logenT; as already found in equa- 
tion (7). 

(4) For •«= constant, the only value of n which will 
satisfy f'^i^ = 'p^x is n=oo; so that equation (8) 
becomes v= constant. 
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Equation (14) gives c = c^ — ZTT^'^o* whence from 

equation (12) 02~^i=c„ log,^^-, as previously found in 

equation (6). 

We are now in a position to transfer any curve from 
the pv-plane to the T^-plane as soon as we know the 
value of c„ for the given gas. 

In Fig. 5 let abed represent a cycle consisting of two 




Vs 1) 



curves of constant volume and two of constant pres- 
sure indicated by a rectangle in the p?;-plane. In the 
y^-plane start with the value of the entropy at a as the 
zero-point. The curve ab will be of the nature shown, 
becoming steeper as T increases because the subtangent 
at any point represents the value of c^ and this is a 
constant for perfect gases. Arriving at b, the curve 
of constant pressure will assume some such position as 
shown, be wiU not be as steep as ab at the point of 
intersection because ef>c^, i.e. the subtangent of be 
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is greater than the subtangent of ab. Two similar 

curves cd and da complete the cycle. 

All possible variations of the curves py"= constant, 

n-K, T^ .,.,., 

or 92-9i=c„— -J- log, ^, are summarized m the fol- 

lowing table and diagrams: 



2Mi-ooordinates. 


ST^-coordinates. 


n 


Form of the Curve. 


n-K 


Form of the Curve. 



0<n<l 

1 
l<n<iC 

K 
K<n<aC} 

X 


p= constant 

pv»= constant 

j)i;= constant (isothermal) 

pij"= constant 

pv^=conatant (isentropic) 

PB" — constant 

v= constant 




•4 


J T and A increaae or de- 
"J crease together 

r = constant * 
j T increasing and ^ deer' sing 
1 T decreasing and 4> incr'sing 

^= constant 
j T and tj> increase or de- 
1 crease together 



* During an isothermal change of a perfect gas all the heat added performs 
external work, hence in the diagrams the isodynamic lines are superimposed 
upon the isothermals. 
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CHAPTER III. 

THE TEMPERATURE-ENTROPY DIAGRAM FOR 
SATURATED STEAM. 

Due to the very slight variations in the volume of 
water with increasing temperature the heat equiva- 
lent of the external work is very small, and the differ- 
ence between the work performed under atmospheric 
pressure and that which would be performed under a 
pressure increasing with the temperature according 
to Regnault's pressure-temperature curve is negli- 
gible compared with the heat required to increase the 
temperature. Hence the value of the specific heat 
c=/(i) as determined by Rowland is taken as equiva- 
lent to that of the actual specific heat required for the 
transformation occiu"ring when feed-water is heated in 
a boiler. Similar statements hold for other fluids. 

Therefore the heat required to increase the tem- 
perature of a pound of liquid by the amount dt while 
the pressure increases by dip is taken as 

dq = cdt, (15) 
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whence 



and ^^-^^ = i, Y (1^) 

To make the temperature-entropy chart conform 
to the tables for steam and other saturated vapors, 
we will plot the increase of entropy and intrinsic 
energy and the heat added above that of the liquid 
at freezing-point. Hence for water the zero of the 
entropy scale will be at 32° F. Furthermore the chart 
will be constructed for one pound of water. 

Point a in Fig. 7 represents the position of a pound 
of water at 32° F. on the T^-chart. Starting from 
here and plotting values of d and T from the equation 



e-ft ...... (18) 



as given in the steam-tables, we obtain the "water- 
line" ah. At any temperature t the value of the specific 
heat c is shown by the subtangent gf. Further, as we 
proved in the general case of equation (1), the area 
under the curve ae^O represents the heat of the liquid, 
q; that is, the number of heat-imits required to warm up 
the water from 32° F. to the temperature t. This 
"water-line" is the same kind of a curve as that repre- 
sented by equation (12) for perfect gases, except that 
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the specific heat of a gas is a constant, while that of 
water is a function of the temperature. 

If at t the water has reached the temperature corre- 
sponding to the boiler pressure any further increase 
of heat will cause the water to vaporize under con- 
stant pressure and thus there will be an increase of 
entropy at constant temperature. This will be repre- 
sented on the chart by the horizontal line ed, and 
will continue until all the water is vaporized and a 
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condition of dry-saturated steam reached, 
this change the increase of entropy will be 



During 



n^dQ 1 /-*» r 



(19) 



that is, the length of the line ed may be found by taking 
the latent heat of vaporization r and dividing by the 
absolute temperature corresponding to t. 
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The area under the curve ed represents the heat 
added during vaporization or r. 

The area under the curve aed therefore represents 
all the heat necessary to be added to a pound of water 
at 32° F. to change it in a boiler into dry steam at 
the temperature t, or area Oaedm=X = q-\-r. 

Similarly the location of the "dry-steam" point may 
be found for any number of temperatures, thus giving 
the location of the dry-steam line or saturation curve. 

In the area between the water-line and the dry- 
steam line ij, or the region of vapor in contact with 
its liquid, lie all the values given in the steam-tables; to 
the right of the dry-steam curve lies the region of 
superheated steam. 

Having given the chart with the "water-line" and 
"dry-steam" line located, and knowing the temperature 
t of the steam, it is simply necessary to draw the hori- 
zontal line ed and drop the two perpendiculars e/ and 
dm and the tangent eg; then the diagram gives at once 

q, r, X, e, Y, T, and c. 

Let e in Fig. 8 represent the state point of a pound 
of water in a boiler under the pressure p corresponding to 
the temperature t. As heat is applied part of the 
water vaporizes and the state point moves toward d. 
At any point as M, the area under eM represents the 
heat already added, while the remaining part, under Md, 
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represents the heat, which must be added to complete 
the vaporization. That is, for the complete change from 
water to dry steam the state point travels the distance 
ed, and to vaporize one half it would travel one half 
the distance, etc. Then if M represents the momentary 
position of the state point, the ratio eM^ed will repre- 
sent the fractional part of the water already vaporized; 




that is, the drjmess of the mixture, x, is given by 



eM 



(20) 



Hence if the line ed is divided into any convenient 
number of equal parts (say 10) the value x can be read 
directly from the chart as soon as the position of the 
state point M is known. In Fig. 8, for example, 
XM—0.S5. 
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Furthermore, the value of the entropy at M is repre- 
sented by that of the liquid at e and the a;th part of 
the entropy of vaporization, or 



om=om+^ — > 

J M 



and the total heat at M equals the heat of the liquid 
plus the a;th part of the heat of vaporization, or 

Hm = <lM +XmTm, 

and is represented by the area OaeMN. 

T 

In a similar way the distance ^ for several tem- 
peratures can be divided into the same number of 
equal parts, and then if all these corresponding points 
are connected by smooth curves, each curve will repre- 
sent a change during which the fractional part of the 
water vaporized is constant. These are known as the 
x-curves. 

In place of having separate scales of pressure and 
temperature for the ordinates of the T^-diagram, 
it is often convenient to take the values of p and t from 
the steam-tables and to plot Regnault's pressure- 
temperature curve in the second quadrant, as shown in 
Fig. 9. 

Then given any pressure pi the corresponding tem- 
perature t^ may be found as indicated or vice versa. 
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Let pi be the pressure and x^ the dryness fraction 
of a pound of mixture, then on the chart its condi- 




PlG. 9. 

tion will be indicated by the point 1. Its volume may 
be found from the steam-tables by use of the formula 
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To find the location of the state point 3 at any other 
pressure ps, so that v^^v^, proceed as follows: 

Draw the axis of volume opposite to that of tem- 
perature and lay off along Ov the distance Oa equal 
to the volume of one pound of water. The variations 
of a with t may be neglected and a set equal to 0.016 

V 

cubic feet. Draw aa. Project di and ^i+sr on the 

^-axis, and from the latter point lay off the distance 
msi equal to the volume of one pound of saturated 
steam as given in the steam-table for t°. Prolong the 
perpendicular from 6^ until it intersects aa at a^. Con- 
nect this last point with s,. This line a^Si shows the 
increase of the volume and the entropy during vapori- 
zation. Project Xi upon 0<p and continue until it 
intersects the v^-curve at c. Then be = XjUi and ac = XjU^ 
+(71=1)1. Through c draw 1/2/ parallel to 0^. For any 
pressure Ps draw the corresponding i;<^-curve agSg, and 
where this intersects yy the volume will be V3=Vi^X3U3 
+a. Projected up this intersects the isothermal i, 
in 3, giving the desired dryness fraction x^. Points 1 
and 3 have the same volume i^i. Other points, as 
2, etc., may be foxmd and connected with a smooth 
curve. This will intersect the dry-steam line at some 
point So=Vi. In this manner similar constant vol- 
ume curves can be constructed to cover the entire 
diagram. 
Suppose it is required to find the heat necessary 
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to cause a change from some point L to an adjacent 
point L +dL. (See Fig. 10.) 
xr fcdt xr 

cdt X r xr 

XT 

dQ = cdt +xdr +rdx —fp-dt + (cxdt —cxdt) 

(T (J/T\ 
c— =;+-^)d<. . . (21) 

To interpret the last term imagine this change to 
occur along the dry-steam line. Then x=l and 
dx = 0, whence 

dQ = (c-^+j^dt( = Td<l>) . . . (21a) 

The comparison of this with equation (2) shows that 

T dv 
c — yp + -j7is the "specific heat" of dry-saturated steam, 

T O/T 

^^'-T+^t (22) 

The diagram shows at once that h is negative, i.e. 
to move along the dry-steam line with increasing tem- 
perature heat must be rejected. 

Ether has a positive value for h. This signifies that 
the saturated-vapor line for ether slants to the right 
instead of to the left. 
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Hirn found that steam condensed upon adiabatic 
expansion and Cazin that it did not condense upon 
compression. The reason for this is at once clear from 
Fig. 10. Expanding from a the reversible adiabatic 




Water 



Ether 



Fig. 10. 



line for water cuts successively "x-lines" of decreasing 
value, showing condensation. Compressed adiabatic- 
ally from a the steam would at once become super- 
heated. Exactly the reverse occurs with ether, con- 
densation occurring during adiabatic compression, super- 
heating diu-ing expansion. 

If water is permitted to expand adiabatically from 
h it is partially vaporized, as shown by the adiabatic 
line cutting increasing values of x. Similarly if very 
wet steam is compressed it condenses. 
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An inspection of the a;-curves near the value a; =0.5 
shows that they change from convex to concave and 
that it is thus possible with water for the reversible 
adiabatic to cut an a;-curve twice at different tempera- 
tures, as at c and d; i.e., it is possible at the end of an 
isentropic expansion to have the same value of x as at 
the beginning. Thus 

<f>.-<f>.-e.+^=e^+^-^, or x, = ^. (23) 

Consequently there must exist some adiabatic which 
is tangent to this a;-curve. Above the point of tan- 
gency the a;-curve slants to the right and possesses a 
positive specific heat, below it the curve slants to the 
left and has a negative specific heat. The values of 
the specific heat above and below the point of tan- 
gency diminish in magnitude as the tangent is ap- 
proached and at the point of tangency are identical 
and equal to zero; that is, just there the tempera- 
ture may be raised without the addition of heat because 
the change is isentropic. 

If these points of zero specific heat are determined 
for all the a;-curves and connected by the smo,oth curve 
MN, the chart is divided into two portions, such that 
to the left of MN the specific heats along the a;-Unes are 
positive, i.e. isentropic expansion will be accompanied 
by vaporization, and to the right of MN the specific 
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heats are negative and isentropic expansion will be 
accompanied by condensation. The curve MN is 
known as the zero-curve. 

So far we have located p, v, t, <f), and x, and to make 
the definition of the point complete it is only necessary 
to draw a curve of constant intrinsic energy. This 
could be done by solving ^i = Ej = £?3 = etc., = q^ +XiPi = q^ 
+X2P2=q3+X3P3 = etc., for the proper values of x and 
cormecting these by a smooth curve. This would be 
very laborious, as there does not seem to be any con- 
venient graphical construction. Fortunately it is pos- 
sible not to draw the isodynamic curves, but to find 
an area which represents the value of the intrinsic 
energy for any state point and at the same time to 
divide r into two areas proportional to p and Apu 
respectively. 

The. first fimdamental heat equation 



«=(f).«-(f),'" 



becomes, when made to conform to the limitations of 
the first and second laws of thermodynamics. 



dQ=c^dt+AT(^] dv. 



This is applicable to the case of saturated vapors 
because the state point is uniquely defined by the 
intersection of the temperature and volume curves. 
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Equating the coefficient of the last terms, 



U)r^^U)„' 



a relationship which holds good for any reversible 
change. During the process of evaporation t is a con- 
stant and 



m\ _ r 

\dv/t s-a 



« -^ 0, r.,^T% . . (24) 



whence ^I^-f-^-fj^ • • ■ • (24a) 

dt pdt 



Let a (Fig. 11) be the point of which the intrinsic 
energy is to be obtained, pa is the correspondiug pres- 
sure. From a' on Regnault's ip-curve draw the tan- 
gent a'b'. From similar triangles it is evident that 

the subtangent equals p--f~- Draw b'b parallel to a' a. 

dt r 
Then the rectangle abed has the area p-T-Xyp=Apu 

(see eq. 24a)'. 

That is, abed represents the external heat of vapori- 
zation and the rest of r, namely bckf, must equal p. 
Hence the intrinsic energy of the point a is given by 

E„ = OgdkO + kcbf =q+p. 
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and 



dMnc = xjufAjni, 
cnmk=XuP, 



If for each point a of the dry-steam line a correspond- 
ing point c, which divides the absolute temperature 




Fig. U. 

into two parts proportional to A'pu and p, is determined 
the curve ee will be located. The curve ee being located 
once for all, the intrinsic energy at any point M can be 
found by drawing the isothermal Md and the adiabatics 
dk and Mm. At c, the point of intersection of dk with 
ee, draw the isothermal en. Area OgdcnmO gives the 
desired value. 
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The temperature-entropy diagram for steam thus 
enables one to find directly the following quantities: 

T 

p, t, V, E, 0, X, c, h, s, q, r, X, p, 6, „■, and Apu. That 

is, the diagram is equivalent to a set of steam-tables 
and in some ways superior to them in that it enables 
one to obtain a comprehensive idea of the changes 
taking place between these quantities. 
Let the curve MN in Fig. 12 represent the T^-pro- 
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jection of some reversible change. During the change 
MN there has been added from some external source 
the amount of heat MNnm. At the same time the 
intrinsic energy has increased from OgabcmO to 
OgdefnO, the increase being shown by the area 
adefnmcba. The area MifnmM is common to both the 
heat added and the increase of intrinsic energy, and 
as the remaining part of the intrinsic energy iacrease, 
adeiMcba, is greater than the remaining portion of the 
heat added, iNfi, it follows that the heat added does 
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not equal the increase of internal energy and hence 
an amount of work must have been performed upon the 
substance equal to the difference in area of these two 
surfaces; i.e., the external work performed upon the 
substance equals adeiMcba —iMji. These areas may be 
found readily with a planimeter. 

The performance of external work upon the sub- 
stance might have been foretold at once from the 
diagram, because the volume of N is less and the pres- 
sure greater than that for M. 

Fig. 13 represents another type of reversible change. 
During the transformation MN, there is added the 




Fig. 13. 

heat MNnm, and the intrinsic energy changes from 
OgabcmO at M to OgdeJnO at N. The portion 
OgdeimO is common to both, and the intrinsic energy 
at iV will be greater or less than it was at M according 
as the area ifnmi is greater or less than the area abcieda. 
The magnitude and sign of this difference may be de- 
termined each time by the use of planiraeters. 
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In Fig. 13 En>Em; hence this increase of internal 
energy must have come from the heat added, and 
subtracting this difference from the total heat added 
will give the amount remaining for external work. 
This is positive in the case shown, as was to be expected, 
as the pressure has fallen and the volume increased. 

In case there was a decrease in the internal energy 
that area would need to be added to the heat area in 
order to obtain the external work performed. 

Having learned to construct and interpret the T(j}- 
diagram for saturated vapors we must now resume 
once more the main object of our investigation, namely, 
to find the location in the T^-plane of any curve given 
in the p'w-plane or vice versa, so that we may eventually 
be able to investigate the action of a steam-engine from 
both its indicator and its temperature-entropy diagrams. 

In the case of perfect gases it was possible to use 
one of the fundamental heat equations and thus obtain 
a simple analytical expression which could be easily 
plotted; for saturated steam, however, this process is. too 
cumbersome to be of any service. Fortunately the 
graphical method offers a solution both simple and 
elegant. 

In constructing the T^-diagram we have already 
made use of the first, second, and fourth quadrants to 
express T<f>, pt, and V(j) variations respectively, and now 
we have but to take the third or p'u-quadrant^and the 
diagram is complete. 
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The saturation curve, or curve of constant steam- 
weight ab in the pu-plane, is depicted by the dry-steam 
curve a'V in the T^-plane, Fig. 14. The method of 
obtaining corresponding points aa' and bb' is shown 
by the projection through the point a^ and b^ of the 
pT-curve. Aa and Bb show the increase in volume of a 
poimd of H2O m vaporizing under the constant pres- 
sure Pa. and pb- respectively. This same increase of vol- 
ume is represented in the ^-y-plane by the curves A"a" 
and B"b" respectively. Now if only part of the pound 
is vaporized the actual volume will be indicated by 
the points, say, Xa and Xb. By projection into the 
^v-plane Xa" and Xb" are found. Another projection 
and we obtain Xa and Xb as the state points in the 
r^-plane corresponding to the points Xa and Xb in 
the pi;-plane. 

Suppose the pressure and volume of a pound of 
steam have been determined for some particular part 
of the stroke by means of the indicator-card and steam 
measurements. Let Xa represent such a point. It is 
now desired to find the corresponding state point in 
the r^-plane. The procedure is as follows: 

Draw through Xa the curve of constant pressure Aa 
and determine by projection its. location A'a' and 
A"a" in the T(}>- and 0v-planes respectively. Then 
project Xa to xj' and finally x/' to xj and the desired 
determination is finished. 

As a further problem suppose it is desired to locate 
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on the r^-plane the curve of constant volume XoXc. 
The point Xa is already located at Xa'. To locate 
Xc draw Bh and find its projections at B'h' and B"h". 




Then project Xc to xj' and finally to xj. The two 
end-points of the curve being determined, any inter- 
mediate point as x^ will be located in the same manner 
as shown. Thus after a sufficient number of points 



SATURATED STEAM. 35 

are located, the curve of constant volume Xax/ may 
be drawn. Naturally if the chart is already provided 
with constant-volume curves this construction would 
be unnecessary. 

Passing now to the most general problem consider 
the curve LMN and suppose its equation in the pv- 
plane to be pi;"=pi'yi". This would correspond to the 
expansion-line of an indicator-card. It is desired to 
find the projection of this curve in the T^-plane. 
The problem resolves simply into the location of a 
sufficient ntunber of state points, through which a 
smooth curve is finally to be drawn. To locate L, M, 
and iV project them on to the corresponding volume 
curves A'W, T)"d", and B"h" of the ^v-^l&ue at L", 
M", and N", and then finally project to U, M', and N'. 
To properly determine the curve some intermediate 
point as K may be necessary. 



CHAPTER IV. 

THE TEMPERATURE-ENTROPY DIAGRAM FOR 
SUPERHEATED VAPORS. 

In the present state of uncertainty regarding the 
value of the specific heat of superheated steam both at 
constant pressure and at constant volume, it is impos- 
sible except with a fair degree of approximation to 
define the location of the state point in the T^-plane. 

The curves of constant pressure and constant volume 
are here denoted, as in the case of perfect gases, by 

4>i-4>i = Jj, -y-, and ^2-9^1 = y^^ -^, respectively. 

When the variations of Cj, and c„ with the tempera- 
ture are known these curves can, be plotted accurately, 
but until then Cp and c^ may be assumed to hold con- 
stant through considerable ranges of temperature; Cp 
gradually increasing with higher temperatures. 

As Cp>c^ the constant-pressure curves will not be 

as steep as those of constant volume. To locate curves 

of constant intrinsic energy, there is no graphical method, 
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but assuming the approximate formula for the change 
of intrinsic energy to be true, viz., 



E2 —El = 



fc-l ' 



it follows that the product pv is a constant along iso- 
dynamic lines. Hence starting with any point in the 
dry-steam curve having the pressure p and the volume s, 
it is simply necessary to pick out the intersection of 
those curves of constant pressure and constant volume 
giving the product pxVx=ps and then to connect them 
by a smooth curve. 

There would thus be five sets of curves, one set 
each for constant pressure, volume, temperature, in- 
trinsic energy, and entropy. As the intersection of any 
two of these gives a unique location of the state point, 
it follows that all five characteristics may be read di- 
rectly from the chart as soon as any two are known. 

There is at present no simple and accurate equation 
(f>=f{T) to represent in the IT^-plane the projection 
of the curve pi;" =P]'Ui"= constant, so that recourse 
must again be had to the graphical method. Determine 
the pressure and volume of a sufficient number of 
points on the pi;-curve and then plot these values on 
the corresponding pressure and volimie curves in the 
r<5f)-plane. The curve thus produced will be an ap- 
proximate representation of the original. 

To find the external work done during any change, 



38 



THE TEMPERATURE-ENTROPY DIAGRAM. 



measure the heat added under the curve with a planim- 
eter and note the position of the beginning and end 
of the curve with reference to the constant intrinsic- 
energy curves. If this shows an increase, subtract, if 
a decrease, add the difference to the heat area and the 
final result will be the work area. 




Fig. 15. 

For a perfect gas the isothermal and the isodynamic 
lines coincide, and for superheated vapors the devia- 
tion is not excessive, so that for short range of tempera- 
ture only a small error will be introduced in using the 
isothermals in place of the isodynamics. Hence to find 
the intrinsic energy of any point N, Fig. 15, in the super- 
heated region, draw the isothermal NN' and assume 
the intrinsic energy of A'' to be the same as that of iV', 
viz., area Oaefgn'O. 
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Then for any change, as MN, extending from saturated 
to superheated steam, the heat added will Ipe repre- 
sented by mMNn, the increase of intrinsic energy by 
befgn'mdcb, and the external work by the algebraic 
sum of these two areas. 



CHAPTER V. 

THE TEMPERATURE-ENTROPY DIAGRAM FOR THE 
FLOW OF FLUIDS. 

In view of the rapidly increasing use of the steam- 
turbine it has become necessary to understand 
thoroughly what happens when steam flows through 
a nozzle. As preparatory to that we will discuss first 
the frictionless, adiabatic flow of steam through a 
flaring nozzle. Such a process is reversible and hence 
the adiabatic line is also isentropic. 

The general formula for frictionless adiabatic flow is 

^\-^—^) =Ap,v,-Ap,v, ■\-AE,-AE,. 

We have to distinguish the three cases: (1) expansion 
from saturated to saturated, (2) expansion from super- 
heated to satm-ated, and (3) from superheated to super- 
heated. Substituting the proper values of v and E 

gives for the three cases: 

/y 2 y 2\ 
1) A ( 2^ - 2^ j =Ap^(xiU^+a) -Ap^ix^u,+a) +gi +x„Oi 
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+^<t(Pi-Pj), 



/y 2 Y 2\ 
2) A\^-^—^j=Ap,{ui+ai)+Apt(v^-s, 



) 
-ApiiXjUi+a) +qi +Pi 

+Aa{pt-P2), 
^H^-H^+Aaipi-p^); 

-[Ap2(it2 +c;) +Ap2{v2 -S2)] 

=gi +ri+cp(<„-<i) 

-te +^2 +Cp(<,2 -^2)] +Ao{Vi -P2), 
=Hi-H2+Aa(p,-p^). 

In each case the heat equivalent of the increase in 
the kinetic energy of the jet is equal to the decrease 
in the total heat of the steam plus the heat equivalent 
of the amount gf ^rprk which would be required to 
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force a pound of water back against the difference of 
pressure. 

Let ah, AB, and A^B^ in Fig. 16 represent three such 
expansions respectively. 
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Fig. 16. 

On the r^-diagram the increase in the kinetic energy 
of the jet between the pressures pa and pt is thus: 

1) A (-^-^j= area O^da&'O 

—area Ogcbb'O +area klmn. 

/y 2 y 2\ 

2) ^ ( y" - 2^ j = ^^^^ OgdeAB'O 

—area OgcBB'O +area klmn. 

/y 2 y 2\ 

3) ^ (^ -^) = area OgdeA,B/0 

—area OgcfB^B/O +area klmn. 
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That is, ^( 2^~'2^) is represented by the area en- 
closed between the water-line, the two constant-pres- 
sure curves, and the isentropic expansion curve plus the 
rectangle klm,n=Aa(pa-pb). Unless the steam is ini- 
tially very wet this last term is inappreciable, so in 
general the heat equivalent of the increase in kinetic 
energy is equal to the difference in the total heats. 

Suppose now we wish to design a nozzle to permit 
the flow of G pounds of steam per second. At any 
cross-section of area F the necessary and sufficient 
condition for continuity of flow is that 

G=F— or 7T=i7- 
V G V 

For any pressure px there can be only one definite value 
for velocity and specific volume, viz., Vx and Vx, and 
hence a unique value of the area Fx. The value of 
Vx may be read directly from the constant-volume 
curves; the value of Vx must either be computed 
from the above formulte or else the area cdAB 
measured by planimeter and Vx computed from that. 

In Fig. 17 let a'b' be the pu-projection of the fric- 
tionless adiabatic flow db. Let MN represent the rela- 
tive variations of Specific volume and velocity during 
this expansion. Draw the Hne yy parallel to Ov and 
make Oy equal to G. Then at any point of the expan- 
sion as d, the volume Va=md' and the velocity Va=nd". 
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Draw Od" and prolong if necessary until it intersects yy 
in k. From the similar triangles Oyk and Od"n it 
follows that 

yk : yO==On : nd" 
On 
nd" 



or 



yk=yO-^,=G.^^F 



V, 



Conversely to find the pressure which would be 
obtained at any cross-section, lay off yk=F, draw kO, 




and prolong until it intersects MN in d", from d" drop 
the perpendicular d"n and project d' back to d. 
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The smallest cross-section, or the throat of the 
nozzle, will be reached when Ok is tangent to MN, 
viz.. Ok', giving the value Fthroat =yk'. 

As Ok cuts the i;7-curve between K and N the 
value of F increases rapidly until at N it becomes infi- 
nite, which agrees with the initial assumption that 
Fa = 0. It is to be noticed that the throat is reached 
when the pressure has dropped to about 0.58 pa- From 
this point on the nozzle flares indefinitely as long as 
the back pressure is dropped. 

Expansion Through a Porous Plug. — So far in speak- 
ing of adiabatic lines reference has been made only 
to reversible processes; that is, the expansion was 
frictionless and work was done at the expense of the 
internal energy either upon a piston or in imparting 
kinetic energy to the molecules of the expanding 
fluid. Suppose now that the adiabatic expansion 
occurs through a porous plug (as in Kelvin and Joule's 
experiments with gases) so arranged that as soon as 
velocity dV is developed, it is at once dissipated through 
friction into heat dQ, which is returned to the body 
at the lower pressure p—dp. The first operation is rever- 
sible and hence isentropic, the latter is equivalent to 
the addition of the heat dQ from some external source 

and hence the entropy increases by the amount -^. 

If this process is continued, instead of the adiabatic 
coinciding with the isentrope ab (as in reversible pro- 
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cesses) it takes the form ab', showing increasing entropy 
accompanied by falUng temperature. 

An entirely new interpretation must be given to the 
r^-diagram for irreversible processes such as this. 
The area under the curve ab' (Fig. 18) no longer rep- 
resents heat added from external sources (nor from 
any other source). In this particular process no heat 




Fig. 18. 

whatever was added. Suppose the change from a 
to b' is made by means of a frictionless, adiabatic ex- 
pansion in a nozzle form a to b, producing the kinetic 
energy abed, and that this energy is then reconverted 
into heat form at the lower pressure, represented by 
the change bb'. The increase in entropy is equal to 
abed bb'W 
~bb^ 



-rr- = — jT-^=bb'. The area bb'b^b^ represents the 



work lost in friction, and in this particular case is 
equal to all the work which might have been obtained 
by a frictionless adiabatic or isentropic change. 
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Making the final and initial velocities the same by 
proper proportioning of the plug, so that there is no 
increase in the kinetic energy of the fluid, 

Ogcdabi +Aa(pa—pb) =Ogd)\', 
or practically 

qa +Xara = ^6 +Xbn = H ) 

i.e., aV is approximately a curve of constant total heat. 
A series of such curves may be drawn as indicated, and 
the value of H for each curve will be that of X at its 
point of intersection with the dry-steam curve. Ex- 
tendiug the curves into the superheated region there 
must exist the following relation between points repre- 
senting moist, dry, and superheated steam: 

3i +a;ir-i=32+r2=g3 -Frj +Cp{ta -Q =H. 

Peabody Calorimeter. — ^This principle is utiUzed in 
the Peabody throttling calorimeter. It is assumed that 
there is no increase in kinetic energy, hence 

772 7 2\ 

+Aa(pi-pi), 
orneglecting Ao(pi—p2), 

whence h+c,(t.-Q -q, ^ 
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It should be noted that the transformation inside 
the calorimeter is not represented by the process ah', 
but more nearly by ah +1)1}'. Simply the initial and 
final conditions are represented by two points upon 
the same constant heat curve. 

An inspection of the constant heat curves shows that 
starting with a given per cent, of priming in the steam- 
pipe, a reduction of the calorimeter pressure wiU cause 
more and more of the moisture to be evaporated until 
eventually the steam, with dropping pressure, becomes 
dry and then superheated. If at the lowest available 
back pressure the steam is not already superheated 
this calorimeter fails to impart the desired information. 
The higher the initial pressure the greater the percent- 
age of moisture which the calorimeter can measure. 

Flow Through a Nozzle. — ^In the case of the flow 
through an actual nozzle the operation is not rever- 
sible. Heat is lost by radiation; heat is conducted 
through the metal of the nozzle from the higher to the 
lower temperatures; and friction occurs in varying 
amounts in different parts of the nozzle. The first 
loss, the rejection of heat as heat, decreases the entropy 
of the fluid, while the other two losses both increase 
its entropy. It might happen that these opposing 
forces just balanced and then the expansion would be 
isentropic but not reversible. In general, however, 
the radiation loss may be made small, so that the opera- 
tion is nearly adiabatic, but with increasing entropy 
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due to conduction along the nozzle and to friction 
losses. 

Thus starting from a, Fig. 19, the actual expansion 
curve will lie between the isentrope db and the con- 
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stant-heat curve aV in some such position as ac. The 
heat theoretically available is represented by aide. 
By friction, etc., the portion bccfii has been returned 
to the substance at a lower temperature, hence the 
kinetic energy of the jet at the exit c is equal to 

area a6cfe— area bccjbi. 

This loss would make itself noticeable in two ways. 
Decreased kinetic energy means decreased velocity, 
and increased entropy means increased volume. That 
is, if a nozzle were constructed from the dimensions 
necessary to give frictionless adiabatic flow and drilled 
at different points so as to measure the pressure, the 
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observed pressure would be found to be greater at any 
given cross-section than the pressure for frictionless 
flow. Stodola's experiments show this, and also that 
the loss is at first slight, being practically negligible 
down to the throat, but increasing from there onward 
more and more rapidly as the velocity increases. That 
is, the curve ac would at first closely approximate ab, 
but lower down branch off more and more toward the 
right. 

As soon as the curve ac has been accurately located 
it can be projected into the pv-plane and the corre- 
sponding areas for different cross-sections of the nozzle 
determined in the manner already indicated for the 
ideal case of frictionless flow. 



CHAPTER VI. 

THE TEMPERATURE-ENTROPY DIAGRAM APPLIED 
TO HOT-AIR ENGINES. 

The Carnot cycle in the T^-plane is always a rec- 
tangle, but in the pf-plane its shape depends upon the 
nature of the working substance. For perfect gases 
the isothermals and frictionless adiabatics have nearly 
the same slope, so that to obtain an appreciable work 
area either the diameter of the cylinder or the length 
of the stroke must be made excessively large. That 
is, the excessive size and weight of the engine combined 
with large radiation and friction losses make the use 
of the Carnot cycle unfeasible in the case of hot air. 
Hence recourse has been had to certain of the isodi- 
abatic cycles in the attempt to improve thC' work 
diagram. 

The ideal cycle for the Stirling hot-air engine con- 
sists of the following events: 

(1) Heating at constant volume by passage of air 
through regenerator. 

(2) Expansion at constant temperature in contact 

with the hot surface of the furnace. 
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(3) Cooling at constant volume by return through the 
regenerator. 

(4) Compression at constant temperature in con- 
tact with the cooling pipes. 

The diagrams for such a cycle are shown in Fig. 20. 
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The criterion for such a cycle is that the heat re- 
jected at any temperature T along be shall equal that 
received at the same temperature along da. Hence 



c,dt + (cp -c,)T^ =dQ= c^dt + (cj, -c,)T-^. 






As these equations both refer to the same isothermal 
it follows that 



dv, dv2 1111 

— = Tr' °^ logi;i+logCi=logi;2+logC2, 



whence 



CiV^^c^Vi or 1)1=01)2. 
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That is, the lines ad and be are " isodiabatic," as 
they satisfy the condition that the ratio of the volumes 
at the points of intersection with any isothermal is a 
constant. 

The ideal cycle of the Ericsson engine is similar to 
that of the Stirling except that the heating and cooling 
occur at constant pressure instead of at constant volume. 
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The ideal diagrams for such a cycle are shown in 
Fig. 21. In this case 

Pl V2 



w 



hence 



Pi=cp2. 



Hence these curves are "isodiabatic," since the ratio 
of the pressures is a constant. 

Both the Stirling and the Ericsson cycle give well- 
shaped indicator-cards and are thus better than the 
Carnot cycle mechanically. 



CHAPTER VII. 

THE TEMPERATURE-ENTROPY DIAGRAM APPLIED 
TO THE GAS-ENGINE. 

No attempt will be made here to trace the heat 
losses due to radiation and the cooling water in the 
jackets, but the cylinder and piston will be considered 
impermeable to heat in all cases. Thus by a compari- 
son of the ideal cards for different cycles the gain due 
to initial compression and the loss from incomplete 
expansion may be more clearly defined. 

The Lenoir cycle was introduced in 1860. Its 
thermodynamic principles were retained in the different 
free-piston engines. These were uneconomical and 
noisy and have disappeared. The only .remaining 
example is the Bischoff, a simple small vertical en- 
gine. 

The Lenoir cycle consists of the following events: 

(1) During the first part of the forward stroke a fresh 
explosive mixture is drawn in by the piston {aA in 
Fig. 22). 

(2) A little before half-stroke is reached the supply- 
valve closes and the explosion occurs. In reality the 
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combustion requires an appreciable time for its com- 
pletion, and thus the heating takes place while the 
piston is moving forward, i.e., at increasing volume, 
but for the ideal case the explosion will be considered 
instantaneous, and hence the heating wiU be at con- 
stant volume; along the line AB. 
(3) The rest of the stroke represents adiabatic expan- 
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sion of the heated gas down to initial pressure; along 
BC. 

(4) The rettim stroke, during which the products of 
combustion are exhausted. Thermodynamically this 
is equivalent to cooling at constant pressure; along CA. 

About the time Otto and Langen were experimenting 
with the free-piston engine. Beau de Rochas described 
a cycle which would make possible the economical 
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running of a gas-engine. This was embodied by Dr. Otto 
in his silent engine in 1876 and has thus become asso- 
ciated, although wrongly, with his name. 
The "Otto" cycle consists of the following events: 

(1) The drawing into the cylinder at atmospheric 
pressure of a new explosive mixture throughout one 
complete stroke {aA in Fig. 22). The volume of the 
charge is MA and consists of the burnt products in 
the clearance space Ma from the last charge plus the 
fresh charge. 

(2) The adiabatic compression of this charge on the 
return stroke of the piston AD. This compression of 
the gas into the clearance space is done at the expense 
of the energy in the fly-wheel. 

(3) The ignition and explosion of the charge while 
the piston is at rest at the dead-centre, thus increasing 
the pressure and temperature at constant volume; along 
DE. Assuming that the same quantity of mixture is 
used by both the Lenoir and Otto engine, the heat 
generated by the explosion will be the same in both 
cases, i.e., the areas imder the curves AB and DE are 
equal in the T^-diagram. 

(4) The expansion of the heated gases throughout 
the entire stroke, assumed adiabatic; along EF. 

(5) The drop in pressure due to the opening of the 
exhaust-valve while the piston is at the end of the 
stroke. This is equivalent to cooling at constant 
volume; along FA. 
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(6) The exhaust of the burnt gases during the return 
stroke Aa. Changes of location are not recorded in 
the r^-diagram. 

In the Atkinson engine, now no longer made, the 
cycle was the same as the Otto up to the point F, and 
then, instead of releasing the hot gas, the expansion, 
stroke was lengthened by means of an ingenious 
mechanism permitting the adiabatic expansion down 
to back pressure, as represented by FG. Then the 
exhaust stroke was from G to ^, which thermo- 
dynamically is equivalent to cooling at constant 
pressure. 

Comparing the Atkinson and Otto cycles it is at 
once evident that there is a loss of work and of heat 
equal to AFG in the pv- and T^-planes, respectively, 
due to incomplete expansion. 

A comparison of the Atkinson and Lenoir cycles 
shows that as the heat received in both is the same 
while that rejected by the Lenoir engine is the greater 
(compare areas under CA and GA), the efficiency of 
the Atkinson is the greater. 

Theoretically, then, the Atkinson engine has the most 
perfect cycle of the three, but nevertheless it has been 
entirely superseded by the Otto engine. The reason 
for this becomes at once apparent from the diagram. 
Even if the area AFG, rejected by the Otto engine, 
due to incomplete expansion, were just equal to the 
area under GC of the Lenoir exhaust stroke, the Otto 
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would still be preferable to the latter because the same 
amount of power could be developed with a smaller 
engine. Suppose, now, the clearance space in the 
above Otto engine were decreased, so that the adiabatic 
compression would heat the gas to a higher initial tem- 
perature, as AD'. The explosion would now occur 
along the constant-volmne curve D'E', where the area 
under D'E' is equal to that imder DE, as the same 
heat is generated in both cases. The adiabatic expan- 
sion would now be down E'F' and the exhaust would 
be along F'A. Hence the same Otto engine with 
increased initial compression due to decreased clearance 
would give increased efficiency, as the heat rejected 
under F'A is less than that rejected under FA. This 
engine would now be better than the Lenoir, both 
mechanically and thermodynamically. Furthermore 
the loss due to incomplete expansion becomes less 
because the heat thus rejected is reduced from AFG 
to AF'G'. That is, the higher the initial compression 
the less the theoretical superiority of the Atkinson over 
the Otto engine. And in the actual engine the increased 
complexity, size, friction loss, and danger of the 
Atkinson more than counterbalanced the theoretical 
superiority. Hence the Otto engine is practically 
the most efficient of the three. 

In the Otto cycle the temperature at the end of 
compression is not very high relatively, so that during 
the first part of the combustion the working fluid is 
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much colder than the source of heat and does not 
attain this high temperature until the end of the com- 
bustion is reached. The heat is thus received at con- 
stant volume and increasing temperature instead of 
at constant temperature and increasing volume. It 
was shown in the first chapter that any such deviation 
from a Carnot cycle means a drop in efficiency. This 
led Diesel to invent a cycle during which most of the 
heat should be received at the highest available tem- 
perature. His 'method is to compress the air initially 
up to about five hundred pounds pressm-e to the square 
inch, so that its temperature is above the ignition- 
point of the combustible to be used. The injection 
of a small quantity of fuel causes the temperature 
to increase still further at constant volimie up to that 
of the combustion; then as the piston moves forward 
the temperature of the gas is maintained nearly constant 
by the injection and combustion of further fuel. This 
lasts for about one-tenth of the stroke. The indicator- 
cards taken from such a motor show that the desired 
regulation is not perfect, the temperature sometimes 
rising, sometimes falling. This, however, only affects 
the magnitude of the gain from such a cycle, as all of 
the heat generated on the forward stroke is trans- 
mitted to the working fluid at an efficiency corre- 
sponding to that of the upper part of the Otto cycle. 
The cards show also that the expansion may or may 
not be carried down to the back pressure, 
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Fig. 23 shows the ideal diagrams for the Otto, Atkin- 
son, and Diesel cycles for the same quantity of heat; 
that is, the areas \mder be and b'gc' are the same in the 
T^-plane. The change from h to b' shows the in- 
creased compression in the Diesel motor, 6' being at or 
above the temperature of ignition. The heat received 
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Fig. 23. 

along b'g is not received under the most efficient con- 
ditions, but still with an efficiency equal to that of the 
best part of the Otto cycle, while that received along 
the " isothermal combustion line " gc' is obtained under 
conditions of maximum efficiency. The effect, as is 
clearly shown by the diagram, is to increase the amotmt 
of heat changed into work and to diminish the heat 
rejected. On the return stroke the conditions of 
the Carnot cycle are more closely approximated in 
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the Atkinson and DieseJ cycles where the heat is re- 
jected at constant pressure than in the Otto cycle 
where it is rejected at constant volume, as lines of 
constant pressure deviate from isothermals less than 
do lines of constant volume. 



CHAPTER VIII. 

THE TEMPERATURE-ENTROPY DIAGRAM APPLIED 
TO THE NON-CONDUCTING STEAM-ENGINE. 

The Camot cycle for steam gives a very good pv-diar 
gram, and hence there are not the same mechanical 
objections to its adoption as in hot-air engines. But, 
due to the physical change in the working fluid, a differ- 




FiG. 24. 



ent cycle has proved to be more feasible. In the 
Carnot engine the steam at condition d, Fig. 24, would 
be compressed adiabatically to a with the change in 



62 



NON-CONDUCTING STEAM-ENGINE. 



63 



condition from Xa to Xa. The isothermal expansion 
ab occurring by the application of heat to the cylinder 
produces the further change in condition to Xb. The 
cycle is finished by the adiabatic expansion be and 
the isothermal compression cd with the cylinder in con- 
tact with the refrigerator. 

The card of the ideal engine differs materially from 
this. (1) The line ab, Fig. 25, represents the admission 




Fig. 25. 



of steam of condition Xb into the cylinder up to the 
point of cut-off. This is forced in by the evaporiza- 
tion of an equivalent amount in the boiler, so that the 
!F0-curve is the same as in the Carnot engine. (2) The 
adiabatic line be represents the expansion of the 
steam admitted along ab plus the amount already 
in the clearance space at the moment of admission a. 
(3) During exhaust the piston simply forces out into the 
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condenser all of the steam taken during admission, but 
the quality of the remaining portion is the same at 
compression as at the beginning of release. (4) The 
part confined in the clearance space is then compressed 
along da in the pv-plane up to the initial pressure, 
i.e., back along the curve cb in the T'^-plane. Hence, 
in a non-conducting engine, the amount of steam con- 
fined in the clearance space is immaterial, as its expan- 
sion and compression occur along the same adiabatic 
and do not affect the heat consumption. 

That part of the steam exhausted during release, 
however, passes into the condenser and there con- 
denses and gives up its heat to the cooling water. 
This is represented by cd. 

From the condenser the water is forced into the 
boiler by means of a feed-pump, and is there warmed 
from d to a and vaporizes from a to b. The p-y-dia- 
gram gives a history of the work performed per stroke 
and is confined entirely to the events in the cylinder. 
The r^-diagram,. however, represents the heat cycle, 
and consists of events occurring ia three different 
places, da and db represent the heating of the feed- 
water and its evaporation at working pressure in the 
boiler, be represents the adiabatic expansion in the 
cylinder of the engine, and cd the discharge of heat 
to the condenser. 

If it were desired to make this cycle into a Carnotj 
the condensation would have to stop at d' and the 
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feed-pxunp arranged to compress the mixture adia- 
batically to a. 

Suppose each engine to use one poimd of steam of con- 
dition Xb, Fig. 25, per stroke, then the efficiency will be 



a) Carnot : j^ = 



(xi-Xa)ri-(xc-Xa')r2. 

iXb-Xa)ri ' 



_ area abnm — area d'cnm T^—T^ , 
area abnm T^ ' 

b) Non-conducting or Rankine engine: 

_ [gi -^2 + (xb -Xajr^] - (x^-xa)r2 

^ gi +Xbri -ga -Xc?-; _ Xcr2 

"" gi +Xbn -^2 qi +Xbri -qi 

An inspection of the diagram shows at once that 

' Camot ' Rankine 

It is evident also that for any given boiler pressure, 
the less the amount of moisture in the steam the smaller 
the difference between the Carnot and the Rankine 
cycles. 

Increased Efficiency by Use of High-pressure Steam. — 
If the same quantity of heat be supplied per pound 
of steam under constantly increasing pressure the 
state point, h, Fig. 26, will assume the successive posi- 
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tions b', b", etc., along the constant heat curve bb", 
and at the same time the state point c, representing 
the condition at the end of the adiabatic expansion to 
the back pressure, moves towards the left into the 
successive positions c', c", etc. Now the areas under 
cd, c'd, c"d, etc., represent the quantity of heat dis- 
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charged to the condenser under the different condi- 
tions. Therefore the greater the pressure or the higher 
the temperatiire at which a given quantity of heat is 
supplied to the engine, the smaller the fractional part 
rejected to the condenser, that is, the larger the por- 
tion tinned into work and the greater the efficiency. 
The Tp-curve shows that at high pressures the 
pressure increases much more rapidly than the tem- 
perature, and hence the necessary strength, weight, 
and cost of the engine will increase more rapidly than 
the gain in efficiency. 
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Gain in Efficiency from Decreasing the Back Pressure. — 

If the initial pressure be kept constant (Fig. 27) and 
the back pressure be diminished by increasing the 
vacuum, the heat taken up in the boiler by each pound 
of steam will be increased from dabnm to, say, 
d'abnm', and the heat discharged to the condenser will 




Fig. 27. 

diminish from dcnm to d'dnm'; that is, the efficiency 

increases. 

Again referring to the pT-curve, it is clear that at low 

pressure the temperature decreases much more rapidly 

than the pressure, so that a small decrease in pressure 

means a considerable increase in efficiency. This is at 

once evident from an inspection of the efficiency for a 

T —T T 

--—hp — ^=1— tT, but the expression for 



Carnot cycle, ij = 



the Rankine cycle, 



, = 1 



**^cf'?. 



qi+XbVi-q^ 
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does not show the influence of the upper or lower 
temperature very clearly. The efficiency may easily 
be expressed as a function of the upper and lower 
temperatures by assuming the value of the specific 
heat of water to be constant and equal to unity. Thus 

JS2 J 32 



and 



Xcr. 



= (l0ge^+^')n, 

(iog.|+f)r3 



or ij=l — 



T,-T,+Xbr, . 



The value of the last term decreases, hence the 
efficiency increases, 

(1) as Xb approaches imity, 

(2) as Ti increases, and 

(3) as Ti decreases. 

Gain in Efficiency from Using Superheated Steam. — 
To avoid the introduction of excessively high pressures 
superheated steam is being used more and more. Accord- 
ing to the Camot cycle the gain in efficiency is equally 
great whether superheated or saturated steam of the 
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same temperature is used, but the Rankine cycle shows 
that the theoretical gain to be expected from super- 
heated steam is but slight. 

The portion be of the Rankine cycle, Fig. 28, repre- 
sents the addition of heat in the superheater, and ec 
the expansion from superheated to saturated steam 
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in the cylinder; the rest of the cycle is as previously 
described. 

The heat qi-q2+ri+Cp(t,—ti) is received along the 
line of varying temperatures dabe, while in the Carnot 
cycle an equal quantity of heat (area ehln = area dabenm) 
is all received at the upper temperature t,. Hence the 
efficiency of the Rankine is now much less than that 
of the Carnot cycle working between the same tem- 
perature limits and the discrepancy increases as the 
degree of superheating increases. 
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The analytical formulae for this case are: 



/ T r T \ 

(^logejT +Y+<^P logeyTJ Tj 



= 1- T,-k+r[+CpiT,-h (-PPr«---tely)- 

This shows an increase in efficiency with increasing 
T„ but only of small amount. 

It is evident, then, that the great gain obtained by 
using superheated steam must be looked for in the 
overcoming of certain defects inherent in an actual 
engine. The use of steam expansively entails a cool- 
ing of the working fluid and hence of the cylinder walls 
containing it. This effect is increased by release 
occurring before the expansion has reached the back 
pressure, and is only partially counteracted in part 
of the cylinder walls by the heating effect produced 
during compression. Thus the entering steam under- 
goes partial condensation' before the cylinder walls 
have been brought up to its temperature; that is, 
each pound of steam, instead of occupying the volume 
which it had in the steam-pipe, now occupies a reduced 
volume proportional to the condensation. And hence, 
instead of obtaining the total area abed, Fig. 29, only 
the fractional part akld can be utilized. Thus the 
area kbcl has been subtracted from the numerator of 
the expression. for efficiency. This condensation may 
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range as high as from 20 per cent, to 50 per cent, of 
the total steam. 

The addition of superheated steam may result in the 
superheat bemn being sufficient to supply the heat 
taken by the cylinder walls and thus preventing the 
condensation and making available the area kbcl. 
The economy is further increased as the steam at the 
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Pig. 29. 



end of expansion has less moisture in it and thus ab- 
stracts less heat from the cylinder waUs during release. 
That is, the conduction of heat through a vapor occurs 
but slowly, while water in contact with the metal will 
abstract large quantities of heat during evaporation. 
The leakage loss is also less with superheated steam. 
Loss in Efficiency Due to Incomplete Expansion. — 
If steam be taken throughout the entire stroke the 
indicator-card is represented by abed (Fig. 30). The 
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drop in pressure he is equivalent to cooling at constant 
volume and may be represented on the Tij^-diagram 
by the curve of constant volume he. If the same 
quantity of steam be taken successively into larger 
cylinders, so that an increasing degree of expansion 
is obtained, this will be represented by he, he', he", etc., 
in both diagrams. The areas B, C, D show the extra 
work performed per pound in the pv-plane, and the 




Fig. 30. 



extra heat utilized in the T^-plane respectively, as the 
expansion progresses from initial to final pressure. 

As in the gas-engine, so in the steam-engine it seldom 
pays to carry the expansion completely down to back 
pressure, because the slight gain from c' to c" is more 
than coimterbalanced by the increased size, cost, and 
weight of the engine, friction, and radiation losses, etc. 

For such incomplete expansion the expression for the 
efficiency of the Rankine cycle is found as follows: 
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= qc +Xorc -q2 +AxcUc(pc -Pi), 



1)=- 



Q ,-Q2 



XJc +gc -g2 -AXcUeiVc -P2) 

qi-qi+x^r^ 



Loss in Efficiency from Use of Throttling Governor. — 

The throttling governor acts by wire drawing the steam 
to a lower pressure. Less steam is thus taken per 
stroke, as the volume is increased by both the reduced 
pressure and the increased value of x. A series of 
cards for dropping pressure is shown in Fig. 31. The 
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r^-diagram shows the decreased efficiency per pound 
of steam for the same cases. During wire drawing the 
heat remains the same^ but the entropy increases, as 
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the process is irreversible. The heat rejected increases 
as the initial pressure drops, so that of the total heat 
brought in a smaller quantity is changed into work and 
the efficiency of the plant decreased. 



CHAPTER IX. 
THE MULTIPLE-FLUID OR WASTE-HEAT ENGINE. 

In the discussion of the Rankine cycle it was shown 
how the efficiency of the steam-engine could be increased 
by raising the temperature of the source of heat or by 
decreasing that of the refrigerator. Due to the course 
of the pT-cuTve a practical upper limit is soon reached 
in the use of saturated steam due to the rapid increase 
of pressure at upper temperatures, so that recourse has 
to be taken to superheated steam. Again, in reducing 
the back pressure a slight drop in pressure means 
a large drop in the exhaust temperature, but a practical 
limit is soon reached beyond which it does not pay to 
carry a vacutun. 

Theoretically, at least, the efficiency could be increased 
by using for the higher temperatures some fluid (Z) 
having a smaller vapor pressure than saturated steam, 
and for lower temperatures some fluid (Y) having a 
greater vapor pressure than saturated steam at the 
same temperature. That is to say, the first fluid X 
could in a saturated condition be heated to the tempera- 
ture now common for superheated steam, and then be 
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allowed to expand in a cylinder down to some lower 
temperature at which the pressure of saturated steam 
would not be excessive. The surface condenser for 
this X-fluid would be at the same time the boiler for 
the steam. After the steam had expanded through 
two or three cyhnders, it in turn would exhaust into a 
second surface condenser, which would be the boiler 
for the next fluid, Y, in the series. Thus the working 
substance in each case is condensed at the temperature 
of its own exhaust and fed back to its own boiler at 
this temperature. The heat of vaporization which the 
first fluid rejects must warm up the second as it is fed 
into the boiler and then vaporize part of it, so that 

heat rejected = heat received, 

^^ ^''exhaust "" (? +^''^oUer ~9condenaer' 

For the sake of simplicity suppose at first that two 
such fluids X and Y as described could be found, and 
further that their liquid and' saturated-vapor lines coin- 
cided in the Ti^-plane with those for water, but that 
the Tp-curves are entirely different. 

Suppose, further, that pi and pz (Fig. 32) represent 
respectively the highest pressure which it is convenient 
to use, and the lowest pressure which can be obtained 
in a vacuum. The range of temperatures when satu- 
rated steam alone is used is limited between t^ and ^2. 
If, however, the fluid X is first used the upper tempera- 
ture can be raised to ijj for the same maximum pres- 



MULTIPLE-FLUID OR WASTE-HEAT ENGINE. 77 

sure pi. Suppose in this problem that the substance Y 
does not solidify at 32° F., its liquid line would extend 
to the left of the arbitrary zero for the entropy of water, 
and so the expansion of this fluid down to p^ would 
drop the lower temperature from t^ down to ty. 




The liquid X is fed into its boiler at the temperature ^i, 
and is warmed along ab, receiving the heat qb-qa, 
equal to area ablm; it is then vaporized at the pres- 
sure pi and receives the heat rx equal to herd. Its ideal 
cycle is now completed by adiabatic expansion cd 
down to some pressure px (in ^^S- 32 px coincides 
with P2), corresponding to temperature ti, on the X- 
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curve, and condensation along da. The condensed 
fluid is at the proper temperature to be returned to 
its boiler. 

The heat rejected along da, viz., XiVa, must warm 
up the water fed into the X-condenser at temperature 
ia up to ^1 and then vaporize part of it at the upper 
temperature. Assuming no heat lost, 

area m'g^aen' = area madn. 

The steam describes the ideal cycle gaef, rejecting in 
turn the heat under fg, equal to x/Vf at some pressure 
Ps corresponding to temperature ig. 

In the steam-condenser the fluid Y is first warmed 
up from the temperature ty, corresponding to p^, to ig 
and then enough vaporized to make 

area m"kghn" — area m'gfn'. 

From the diagram the following conclusions can be 
drawn : 

Heat received from fuel equals mabcn. 
Heat utilized by X-engine equals ahcd. 

Efficiency of X-engine, 'Jx=^. 

Heat rejected by X-engine = area madn = area m'gaen' 
= heat absorbed by steam-engine. 
Heat utilized by steam-engine equals gaef. 
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F/fficiency of steam-engine ij,t = —, ;. 

Efficiency of X- and steam-engines combined equals 

ahcd +gaef 



V(.X+st) = - 



mdbcn 



Heat received by y-engine=heat rejected by steam- 
engine = m"kghn" = m'gjn' . 
Heat utilized by Y-engaa.e=kghi. 
Heat rejected by F-engine=TO"Am". 

Efficiency of F-engine =J^- 
Efficiency of all three engines together, 

ahcd +gaef + kghi 
Vix+ft+Y)— mdbcn 

The heat rejected has been reduced from 
madn to in"kihfednm". 

The great gain in efficiency shown in this assumed 
case is deceptive. The exhaust temperature has been 
taken far below freezing. This could not be done 
unless some cooling mixture could be employed in order 
to condense the exhaust fluid Y. 

This would be expensive and probably represent as 
great an expenditure of work as the increased gain 
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recorded by the F-piston, possibly more. In prac- 
tice the lowest temperature ty will be governed by 
that of the cheapest available condensing substance, 
i.e., the temperature of the cooling water at the power- 
station . 

The upper temperature tx will be governed by the 
materials used in construction. 

Since Xexrex=qB —qc +^B'r B, it follows that XeKXex', 
that is, the value of x gradually grows smaller for 
succeeding fluids, so that initial condensation must 
be increasing in the successive cylinders. The gain 
which accrues from the use of superheated steam 
might for similar reasons be expected from the use 
of the superheated vapors of the X- and F-fluids. It 
thus wo'uld imdoubtedly pay to superheat each vapor 
as it leaves its respective boiler an amount suflScient 
to overcome the initial condensation. This might be 
effected by the use of a separately fired superheater 
suitably situated, or perhaps more economically Still 
the hot flue gases from the first boiler furnace might 
be made to pass successively through all the super- 
heaters and thus the total economy increased two 
ways at once. 

Several different multiple-fluid engines have been 
proposed, usually of the binary type. When it comes 
to a discussion of any particular combination the 
actual T^-diagram must be drawn, and the liquid- 
and sa,turated-vapor lines will no longer be super- 
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imposed as was assumed in the ideal case just discussed. 
However, the principles already enunciated will make 
the application clear. 

Any fluid having a low boiling-point, such as ammonia, 
chloroform, sulphur dioxide, ether, carbon disulphide, 
etc., is available for such work. All such volatile 
fluids possess latent heat of vaporization of small 
magnitude, and the smaller this is, the more volatile 
the substance and the greater its specific pressure at a 
given temperature. This leads to the practically 
important fact that to perform a given amount of 
work a greater quantity of the volatile substance 
must be supphed, the amount necessary increasing 
with the diminution of the latent heat of vaporization. 

Du Trembley used a steam-ether engine. Ether 
superheats during adiabatic expansion and thus seems 
especially adapted to such work, as this would tend to 
prevent the excessive cooling of the cylinder during 
exhaust and thus do away with the losses incident 
to initial condensation. Fig. 10, although not drawn 
to accurate scale, gives an approximate idea of the rela- 
tive values of the latent heat of vaporization. In round 
numbers the entropy as liquid and as vapor compares 
with water as follows: 



Water 



32°F..^ = 0, 6+^ = 2.12; 



248° F.. (9 = 0. 365, 0+^7 = 1-69; 
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Ether 



32°F../?=0, 19+^ = 0.34; 
248° F. .0 = 0.205, ^+-^ = 0.385; 



and as the latent heat is about one sixth that of water 
it follows that about six pounds of ether will be re- 
quired to cool each pound of steam, so that a com- 
bined r^-diagram might be drawn for one pound of 
water and six of ether. 

Perhaps the most accurate and elaborate series of 
experiments on any binary engine was made by Prof. 
Josse of Berlin. He used sulphur dioxide for the 
secondary fluid. The best results obtained were 
11.2 pounds of steam per horse-power for the steam- 
engine alone and the equivalent of but 8.36 pounds per 
horse-power per hour using the combined engine. In 
the test the "waste-heat" engine added 34.2 per cent, 
to the power obtained from the primary engine. 

The steam had a pressure of 171 pounds absolute 
and was superheated to 558° F. The back pressure on 
the low-pressure cylinder of the steam-engine was about 
2.9 pounds absolute, corresponding to 140° F. The 
SO2 cylinder received vapor under pressure of 143 
pounds and exhausted at 48.2 poimds absolute, cor- 
responding to a temperature of 67.8° F. 

In round numbers the latent heat of SO2 is about 
one seventh that of water, so that it would require the 
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vaporization of from 6 to 7 pounds of SO^ to condense 
1 pound of steam. 

Fig. 33 shows the ideal cycle for a binary engine of 
this type working between the pressures and tem- 




peratures realized by Prof. .Tosse in the test at Charlot- 
tenburg. 

The steam-engine was triple expansion, and the 
ideal cards for such an engine are shown combined at 
abcde. The heat exhausted to the steam-condenser, 
or SOj boiler, xr, equals aerm. Of this quantity an 



84 THE TEMPERATURE-ENTROPY DIAGRAM. 

amount hifg is saved by the SO2 cylinder theoretically. 
Actually there was a drop in temperature of about 6° F. 
between the low-pressure steam-cylinder and the SOj 
cylinder, so that the heat area i]fi' was either totally 
lost or partially reduced to lower efficiency by wire- 
drawing. 



CHAPTER X. 

LIQUEFACTION OF VAPORS AND GASES. 

Superheated steam of the condition shown at a in 
Fig. 34 might be changed to saturated steam by one 




Fig. 34. 

of two methods. First, it could be kept in a hot bath 
at constant temperature and the pressure increased 
."rom Pa to fi, so that its state point would move from 
a to h. Secondly, it might be kept under constant pres- 
sure Pa (as a weighted piston) and its temperature 
allowed to drop by radiation from ta to t^, so that the 

state point travels from a to c. * Liquefaction will 
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begin by either process as soon as the state point reaches 
the dry-steam line. 

It is at once evident that the second method is the 
only one always applicable, for the isothermal change 
might take place above the critical temperature and 
then no increase of pressure, however great, could 
result in liquefaction. 

The critical temperature of steam is beyond the 
upper limit of temperature used in engineering, so 
that this is not as clear here as in the case of some 
vapor which superheats at ordmary temperatures, as, 
for example, carbon dioxide. 

Fig. 35 * shows the T(f>-, pv-, Tp-, and i;^-diagrams for 
COj. The chief differences between this diagram and 
that for steam lie in the fact that the critical tempera- 
ture is included, thus showing the intersection of the 
liquid- and saturated-vapor curves, and further, that 
the volume of the liquid is now appreciable with refer- 
ence to that of the vapor and its variation with increas- 
ing pressure and temperature no longer negligible. 

If a (Fig. 35) represent the state point of the super- 
heated COj vapor at the pressure and temperature 
under consideration, isothermal compression will fail to 
produce condensation, although cooling at constant pres- 
sure will produce liquefication as soon as c is reached. 

* This diagram is only approximately correct, being based 
upon somewhat discrepant data given by Amagat, Regnault, 
and Zeuner, 



LIQUEFACTION OF VAPORS AND GASES. 



87 



The ordinary gases, hydrogen, oxygen, nitrogen, etc., 
have their critical points as much below ordinary 




Fig. 35. 
engineering temperatures as th9,t of water is abov? 
them, 
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Superheated steam at ordinary temperatures could 
be liquefied isothermally because its temperature is less 
than that of the critical point; carbonic dioxide at 
ordinary atmospheric temperatures could also ordinarily 
be liquefied isothermally because the usual atmospheric 
temperature is less than 31.9° C. (89.4° F.); hydrogen, 
oxygen, etc., cannot be liquefied isothermally simply 
because the atmospheric temperature is far above 
their critical temperatures. The essential factor in 
liquefaction, then, is to reduce the temperature and then 
simply to compress the gas isothermally until lique- 
faction commences. 

Suppose it is desired to liquefy some carbon dioxide 
some summer day when the temperature of the atmos- 
phere is above its critical temperature. Let the com- 
pression be carried on slowly, so that the heat generated 
may be dissipated by radiation and the process be 
isothermal. Liquefaction will not occur. It will be 
necessary to cool the gas down to the critical tempera- 
ture by some means, physical or chemical. Possibly 
a coil containing cold water will suffice in this case. 
Proceeding to other substances possessing lower and 
lower critical temperatures, cooling mixtures giving 
lower and lower temperature would be required. That 
is, by this method it would never be possible to liquefy 
any substance, however great the pressure applied, 
unless there already existed some source of cold as 
low as its critical temperature. When the "permanent " 
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gases are reached the sources of artificial cold fail, and 
unless the gas may be made to cool itself investigation 
must cease. Any new gas thus liquefied of course in 
turn becomes a new source of cold to aid in further 
investigation. 

Let Fig. 36 represent the T^-diagram of some gas 
having a low critical temperature. Consider the 



Fig. 33. 



throttling-curve abc. By definition this represents an 
adiabatic change, during which no work is performed; 
i.e., the heat contained in the substance is a constant. 
For this curve the first law of thermodynamics gives 
/y 2 y 2\ 

which becomes 
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that is, the curve represents an irreversible isodynamic 
process in the case of a perfect gas and differs but 
slightly from it for ordinary gases. 

Now, the internal energy of any substance is defined 
as the summation of the sensible heat and the dis- 
gregation work, or the kinetic energy of the molecules 
due to their own vibrations plus the potential energy 
due to their mutual positions. Representing these 
quantities by S and / respectively, it follows that 
Si +/, -1S2 -I2 = pz'Wj -PiVi. 

The work necessary to separate the molecules against 
their mutual attraction must increase with the distance 
between them although the rate of increase is inversely 
as the square of the distance between them. 

As the volume increases the value of / increases 

and hence the value of S must decrease an amount 

equal to 

h-Ii+PiVt-piV^; 

that is, the temperature of the substance decreases.* 
With increasing volume the rate of temperature drop 
decreases so that the curve abc approaches the 0-axis 
as an asymptote. Near the satiu-ation curve, in the 
region of the "superheated" vapors, this drop is con- 
siderable, but far to the right of this curve and above 
the critical temperatures these "throttling" curves 
become almost parallel to the 0-axis. The "perfect 

*For hydrogen at ordinary temperatures PiV^—PiVi is negative 
and greater than /j— /j, so that the temperature increases, 
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gas" is simply the limiting condition in which the 
potential energy has attained its maximum value, or 
rather where any limited change in volume does not 
affect the total value of / appreciably. 
In such a case 

and S,+I„=S,+I„; 

that is, the disgregation change being negligible, the 
isodynamic curves become coincident with the iso- 
thermals. 

In Fig. 36 let Oi, a,, O3, etc., represent a series of such 
throttling-curves. Let a pound of air be taken from 
its initial condition P (representing atmospheric pres- 
sure and temperature) and be compressed isothermally 
to 1. This may be effected by jacketing the cylinder 
walls of the compressor with cold water. If the air 
is then permitted to expand along the throttling-curve 
tti, the temperature will drop, say, from 1 to 2. The 
air at reduced pressure is fed back to some interme- 
diate stage of the compressor. In some forms of lique- 
fiers the expansion is carried at once down to atmos- 
pheric pressure, thus securing a somewhat greater drop 
in temperature, knd the air is then returned to the 
first stage of the compressor. If this cooled, expanded 
air be made to flow back outside the pipe containing 
more air from the compressor, this in turn will be 
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cooled by conduction to some lower temperature and 
so will escape from the throttling-valve at pressure pi 
at some lower temperature (3). This will now expand 
along the throttling-curve a^ to a still lower tempera- 
ture (4). This process is continued until the tempera- 
ture of the issuing jet has fallen below the critical 
temperatiu-e, when liquefaction will ensue. 

This will evidently occur first in the nozzle, as the 
temperature outside will need to be still further de- 
creased before the air will remain liquid at the reduced 
pressure. The vaporization of the liquid first formed 
tends to still further decrease the temperature of the 
air-tubes, etc. It is probable that at first all of this 
Hquid vaporizes as soon as ejected, but the vaporiza- 
tion of part soon cools down the rest and its surround- 
ings, so that a small portion remains liquid at the 
lower pressure. The back pressure may thus in time 
be reduced to that at P and then the temperature will 
be foimd at which air vaporizes at atmospheric pres- 
sure. 

The expansion of the air thus provides in itself the 
cooling process needed to reduce the temperature 
helow the critical point so that sufficient increase of 
pressure may cause liquefaction. 



CHAPTER XI. • 

APPLICATION OF THE TEMPERATURE - ENTROPY 
DIAGRAM TO AIR-COMPRESSORS AND REFRIG- 
ERATING-PLANTS. 

In self-acting machines the working fluid is received 
at a high temperature, part of its heat changed into 
work and the remainder exhausted at a lower tem- 
perature. For the reverse operation, work has to be 
performed upon the machine, and the heat equivalent 
of this work added to the heat taken in at low tem- 
perature is rejected at a higher temperature. Such an 
operation is used to attain one of three results, viz.: 

(1) to store up power for immediate or future use, 

(2) to decrease the heat of the cold body, or (3) to 
increase the heat of the warm body. 

The Compressor. — ^The cycle in the compressor is the 
same for all three cases, viz., the reverse of that in an 
engine, and hence a discussion of the work expended 
in the compressor will be given first. Referring to 
Fig. 37, the cycle is as follows: From a to d the gas 
(or vapor) in the clearance space expands until the 
pressure at d falls sufficiently below that in the sup- 

93 



94 THE TEMPERATURE-ENTROPY DIAGRAM. 

ply pipe to permit the admission valve to open and 
admit a new supply from d to c. On the return stroke, 
the entire quantity is compressed along ch, until the 
pressure becomes sufficient to lift the release valve, 
when discharge occurs from & to a against the upper 
pressure. The indicator-card thus shows the entire 
cycle of the clearance gas, but only one portion, the 




Fig. 37. 

compression, of that of the charge. The expansion 
and compression of a gas in a cylinder is more nearly 
adiabatic than that of a saturated vapor, and hence, 
as the temperature of the gas at the end of admission 
is nearly that existing at the end of expansion, the 
expansion and compression of the gas in the clearance 
space may be considered to neutralize each other 
thermodjTiamically; although mechanically the greater 
the clearance the greater the size of the cylinder neces- 
sary to compress a given amoimt of gas. Therefore 
all discussion of the effects of clearance will be omitted 
in the following. 
Due to the slow conduction of heat in gases, it is 
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probable that water- jacketing does not cause the com- 
pression to deviate much from adiabatic until high 
pressures are reached, with the consequent larger ratio 
of radiating surface to volume. In the above first 
and second cases the gas or vapor is cooled either un- 
avoidably or intentionally to atmospheric temperature 
before being used as a source of power or as a refriger- 
ant, so that any increase of temperature during com- 
pression represents wasted work. 
In Fig. 38, let ab and ac represent isothermal and 




Fig. 38. 

frictionless adiabatic compression respectively from 
some lower pressure pi to a higher pressiu-e pz- If the 
temperature of the cooling water is the same as that 
of the atmosphere, the minimtim possible expenditure 
of work in compressing from a to 6 equals that under 



the isothermal a6, or paVa^oge 



Vb 



If, however, the 
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compression is adiabatic it will be necessary for the 
delivered air to contract at constant pressure, losing 
by conduction and radiation the heat Cpit^-tb). That 



, the work-^2_2.M^\ _i hg performed upon the 

gas during compression, as shown under ac, and the 
work pb{vc-Vb) during contraction in the storage tubes 
or coil, as shown by cb in the pv-dieLgram. The wasted 
work is thus shown by the area abc, and has the value 



K-l 

PaVa 

| — I —J- \-tVb(Vc—V!,)-Vn.V„.10S. 

K-l K-l 



K~l 



\Pa) ~ ^ J +?'*^^'' "^''^ ~P«^" ^°Se ^ 



-msf) " -]--.[©' " 



-1 



1 Pb 

-PaValoge — 

Pa 

= AClT,-Ta}-ATa{<f>a-4>i\ 

In the T^-diagram the minimum amount of heat 
rejected is shown under ab, while that rejected during 
contraction at constant pressure after adiabatic com- 
pression is shown under c6, the heat wasted by the 
latter process being shown by ach. If, as is usually 
the case, the compression line lies somewhere between 
these two extremes, the wasted work and heat will be 
represented by some such area as adh. 
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If the cooling water is colder than the atmosphere, 
it is, theoretically at least, possible to reduce the neces- 
sary work by cooling the entering gas at constant 
pressure from a to a', compressing isothermally to b', 
and then permitting the gas to warm up at constant 
volume by taking heat from the atmosphere. The 
work performed and the heat rejected during com- 
pression are represented by the areas under a'b' in the 
two diagrams, and the work saved by aa'b'b. If the 
compression from a' is along the adiabatic aV, the 
saving over that along ac is shown by the area aa'c'c. 

It is not possible to cool the hot gas very much by 
jacketing, but the waste work may be reduced by 
dividing the compression into two or more stages and 
cooling the gas in intermediate coolers to the initial 
temperature. 

Thus suppose the compression to follow the law 
'PiV{^='P2^2^} and to be represented by the curve ac in 
Fig. 39. Instead of completing the compression in one 
cylinder, stop at some intermediate pressure 'p^, at d, 
and cool under constant pressure to e. Continue the 
compression in a second cylinder along e/, and finally 
cool at constant pressure along fb. The wasted work 
or the heat ejected is no longer represented by the 
whole of ahc, but by the two portions ode and efb; 
that is, the work or heat saved by compounding is 
represented by the area cdef. From the diagram it is 
at once evident that this area approaches zero as 'px 
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approaches either pi or p^, and that there is some inter- 
mediate position which gives the maximimi saving. The 
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Fig. 39. 

proper value of p^ is easily found from the expression 
for work 



n-\ 



n-X 



n 



This expression has its minimum value when 



n—l TO— 1 

AJ (21) " A.(22\ " ' 



=0, 



i.e., when Pi : pi=pa, : Pz, or p'x = '^PiP2- 

Fig. 40 shows similar diagrams for a three-stage 
compressor with intercoolers. The saving thus intro- 
duced is shown by the irregular-shaped figure defghc. 
This again varies in magnitude with the values of 
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Pi and pu, and in a manner similar to the above 
may be shown to have its maximum value when 



or 



Pi -Px^Px ■■ py = Pv -Pi, 

3/ 



Px = VPi^Pi and p y = \/piPi 







Fig. 40. 



Compressed Air Used as a Source of Power. — ^Return- 
ing to the first general case where the air is used for 
power, it is necessary first of all to discuss the influence 
of the pipe line which conducts the air from the com- 
pressor to the machine to be operated by the compressed 
air, such as a rock-drill, a penumatic riveter, a com- 
pressed-air motor, etc. The temperature of the pipe 
may be considered as equal to that of the siirroimding 
atmosphere and hence constant. The heat generated 
by friction is thus at once dissipated by conduction, 
and there thus results an isothermal drop of pressure 
and increase of volume. 

Thus, if ahcde, Fig. 41, represent the passage of the air 
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through the compressor, e/ shows the loss experienced 
by the air in flowing from the compressor to the engine. 
Suppose the air at / to expand adiabatically in the motor 
down to back pressure, the amoimt of work performed 
will be equal to the area under fg in the p'y-diagram. 
The exhaust air is now warmed to the initial tempera- 
ture along the constant pressure-curve ga, thus per- 



Pj—eji 




9 9' I 




Fig. 41. 

forming upon the atmosphere the work imder ga in 
the /w-plane, and receives from the atmosphere the 
heat imder ga in the T^-plane. The maximum amount 
of work could be obtained from such an engine if the 
expansion were along the isothermal fa. This can be 
partially attained by jacketing with water at atmos- 
pheric temperature, so that the actual expansion-curve 
lies somewhere between these two limiting cases, as at 
fg". A further gain could be made by compounding 
the engine and heating the air up to atmospheric tem- 
perature in the intermediate receiver, as indicated by 
fhkla. 
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Such a means of obtaining power is not economical, 
but has many practical justifications, as, for example, 
in tmderground work, where exhaust-steam would be 
disadvantageous, or for long-distance transmission, 
where steam would be wasteful, due to condensation 
losses, etc. 

Refrigerating plants may be subdivided imder three 
heads: those using a compressor with (1) air or (2) some 
saturated vapor — usually ammonia — as the agent, and 




Fig. 42. 



(3) absorption plants. The last will not be discussed 
here. 

Air Refrigeration. — In air refrigerating plants the 
work performed during expansion is no longer the 
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main object, as in the case just discussed, but is simply 
a means of obtaining the desired end, viz., a sufficient 
drop in the temperature of the air. The essential parts 
of such a system are shown in Fig. 42. The com- 
pressor A takes its supply of air from the atmosphere 
and discharges the compressed air into the cooling coil 
B, where temperature and volume are both decreased 
at constant pressure. The cold air now passes into C, 
and in expanding helps to operate the compressor. 
The expanded air is delivered at low temperature and 
atmospheric pressure to the refrigerator-room, and as 
it passes through Z) its temperature increases and 
reaches that of D by the time it leaves at the right. 
The cycle of the air is completed by warming to the ini- 
tial atmospheric temperature outside of the refrigerator. 
The expansion in C being used to attain low tem- 
perature instead of work, care is taken not to heat the 
air during expansion, so that the expansion may be as 
nearly adiabatic as possible. In Fig. 43, let anh rep- 
resent the passage of the air through a two-stage com- 
pressor A and the cooling tank B. During the expan- 
sion he, in the working cylinder C, the temperature of 
the air drops below that maintained in the refrigerator 
Tr, the air being delivered at pressure pa- As the tem- 
perature of the air increases along the constant-pres- 
sure curve ca, it extracts from the refrigerator the heat 
under the curve cd, in the T^-plane. The heat under 
da, necessary to complete the cycle, is obtained from 
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the atmosphere. That is, the refrigerating effect cdef 
is attained by the expenditure of the work abcda. If 
the compressor has but one stage, anib, the efficiency 
will be correspondingly less. 

These machines are not economical, chiefly because 
the specific heat of air is so small that large quantities 




must be compressed to effect the desired refrigeration, 
thus necessitating large machines with large friction 
losses. Such plants are still used in places where it 
is more essential to guard against danger arising from 
the leakage of fluids, such as ammonia, than to install 
the most economical plant, as, for example, on war 
vessels. 

Ammonia Refrigerating Plant. — A complete cycle of 
the working fluid in the second class of refrigerating 
plants, where a saturated vapor is used, differs mate- 
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rially from the above, as the silbstance is condensed and 
vaporized during the process. The more commonly 
used fluids are ammonia, carbon dioxide, and sulphur 
dioxide; i^mmonia being used most generally. 

Fig. 44 shows diagrammatically the essential features 
of an ammonia refrigerating plant. It consists of (1) a 
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Fig. 44, 

compressor which takes the low-pressure vapor from 
the refrigerator coils and delivers it at some higher 
pressure, (2) a condenser consisting of a series of coils 
in which the hot gas is cooled imtil it liquefies, (3) a 
storage-tank containing a supply of ammonia which 
remains liquefied under the high pressure at atmos- 
pheric temperature, (4) an expansion-valve from which 
the liquid emerges under reduced pressure, and (5) the 
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refrigerator coils in which the Hquid, under reduced 
pressure, is vaporized by withdrawing the necessary 
heat from its surroundings. The high pressure pre- 
vails from the delivery-valve of the compressor to the 
expansion- valve, and low pressure from the lower side 
of the reducing-valve to the admission-valves of the 
compressor. 

The refrigerator coils may be used directly, thus 
bringing the temperature of the surrotmdings down 
near the boiling temperature of the liquid, or, if such 
a low temperature is not desired, the coils may pass 
through a bath, as of brine, and reduce this to the 
desired temperature. The cold brine is then circulated 
through the refrigerator. This latter method gives a 
more nearly constant temperature. The least move- 
ment of the expansion-valve causes variations in the 
back pressure, and hence in the boiling temperature 
of the ammonia, which would affect the surrounding 
air if used directly, but which would be absorbed by 
the large heat capacity of the brine. The direct sys- 
tem is, however, simpler and less expensive to install 
and to maintain. 

As long as any liquid remains imvaporized in the 
refrigerator coils these will remain at the temperature 
of vaporization, but afterwards the pipes assume the 
higher temperature of the bath or surrounding atmos- 
phere, and then begin to superheat the vapor at con- 
stant pressure. This superheating is still further in- 
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creased in the pipe leading back to the compressor. 
After leaving the compressor the highly superheated 
vapor passes to the condenser, losing part of its super- 
heat at constant pressure on the way. This process 
is finished in the condenser, and then the vapor begins 
to liquefy at the temperature corresponding to the high 
pressure. The liquid finally emerges cooled to the 
temperature of the cooling water and collects in the 
storage-tank above the expansion-valve ready for a 
new cycle. 
The corresponding pv- and T^-cycles are shown in 
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Fig. 45. ab represents the passage of the liquid through 

the expansion-valve along a constant-heat curve, dur- 

kb 
ing which a portion of the liquid t- is vaporized and 

the refrigerative power of its liquefaction destroyed; 
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be represents the vaporization of the remainder of the 
Uquid; cd, the superheating of the vapor during the 
last part of the refrigerator coils and the return pipe 
to the compressor; de' represents the compression, and 
e'h, the loss of superheat by conduction, radiation, etc., 
as the hot gas flows along the pipe to the condenser. 
If the compressor were two-stage, with intermediate 
cooling down to atmospheric temperature, the path 
followed would be defgh. The liquefaction is repre- 
sented by hi, and the further cooling of the Uquid down 
to atmospheric temperature by ia. 

To decrease the work required to compress the gas, 
attempts are made in various types of compressors to 
cool it during compression by the use of water-jackets 
or by the direct injection into the cylinder of either 
liquid ammonia or oil. In such cases the compression 
is no longer adiabatic, but of the form pv^^piV,^, 
where n will depend in any given case upon the amount 
of heat extracted by the jackets or absorbed by the 
injected fluid. 

The temperature of the entering vapor is usually 
considerably lower than that of the cooling water, so 
that heat is radiated only during the latter part of the 
stroke, when the temperature of the vapor greatly ex- 
ceeds that of the water. The . compression line of 
indicator-cards from such compressors should there- 
fore approximate closely the adiabatic curve drawn 
thi-ough the commencement of the compression stroke 
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and should begin to fall below it more and more only 
as the discharge pressure is approached. 

If oil of the same temperature as the entering vapor 
is injected into the cylinder, it can affect the temper- 
ature only by absorbing heat as the gas is compressed. 
The specific heat of the oil is greater than that of the 
cylinder walls, and possibly conduction occurs some- 
what more rapidly from vapor to oil and then oil to 
metal than it would directly from vapor to metal, 
especially if the oil is in a finely divided state. This 
can only result in changing slightly the exponent n of 
the compression curve pv^^p^v^"'. 

The effect of injecting liquid ammonia is difficult to 
describe in general terms, as the results will differ 
according to the quantity injected and the various 
temperatures of the liquid, vapor, and cylinder walls. 
If the cylinder walls are assumed to be non-conduct- 
ing and the injected liquid is previously cooled to the 
temperature of the refrigerator, the superheated vapor 
will then lose its superheat and in so doing suffer a 
drop in pressure, as the cylinder volume is momen- 
tarily constant. At the same time, however, the in- 
jected liquid will be partially vaporized, increased in 
volume, and thus effect an increase in pressure. The 
resultant effect in this case would imdoubtedly be a 
net reduction of pressure and thus decrease the work 
of compression. As, however, the cylinder walls are 
good conductors when in contact with a liquid, enough 
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of the ammonia might thus be vaporized to produce a 
net increase in pressure. If the Uquid is injected at 
the same temperature as the entering vapors, it is at 
a higher temperature than that of saturated vapor at 
the prevailing pressure, and hence will partially vapor- 
ize until a condition of equilibrium is established. What 
the final conditions of pressure and temperature will 
be will evidently depend upon the relative weights of 
liquid and vapor, the pressure, and the temperatures 
of vapor, liquid, and cylinder. In either of the above 
assumptions, if the resultant pressure is less and part 
of the liquid still remains unevaporated, the work of 
compression would be still further decreased, as satu- 
rated vapors transmit heat to the cylinder walls more 
rapidly than superheated vapors. 

If the liquid is injected into the suction-pipe of the 
compressor, it will expand at the prevailing back 
pressure and reduce the temperature down to that 
corresponding to that pressure. Whether or not there 
results a net diminution in volume must depend upon 
the amount injected and the quantity of heat received 
from external sources. Although the work may or 
may not be decreased, according to circumstances, the 
temperature wiU at least be decreased, and thus the 
amount of necessary cooling water diminished. 

It is theoretically possible to effect a further saving 
in hquid refrigerating plants by changing from the 
throttling-curve ab (Fig. 45) to a frictionless adiabatic 
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expansion ab'; that is, by replacing the expansion- 
valve with an auxiliary cylinder and thus utilize the 
expansive force of the ammonia to help rim the com- 
pressor. The refrigerative power of the ammonia 
would be increased at the same time, since the amount 
vaporized during expansion would be decreased from 
kb to W. It is possible that the mechanical com- 
plications thus introduced would more than counter- 
balance the thermodynamic savings. 

It has also been suggested that the loss in refriger- 
ative power occasioned by the expansion ab could be 
diminished by reducing the temperature of the liquid 
at the point a. Thus the gas in passing from the 
refrigerator to the compressor absorbs from the atmos- 
phere the heat represented by the area under Id. If 
such a loss is unavoidable, it could be neutralized by 
jacketing the return pipe with the liquid ammonia 
about to be fed to the refrigerator, thus reducing the 
temperature of the latter from a to a^ and so decreas- 
ing the amoimt vaporized by expansion from kb to 
kb". 

The Warming-engine. — ^The third possibility of the 
reversed cycle, viz., the utilization of the heat deliv- 
ered at the upper temperature for heating, was pointed 
out by Lord Kelvin; the idea being that given, say, 
a definite quantity of steam for heating purposes a 
greater heating effect could be obtained by utilizing 
the steam to run an engine and compressor system 
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and then diverting the exhaust-steam of the engine 
and the heated fluid of the compressor to heating pur- 
poses than by a direct application of the steam itself. 
The explanation of this fact is that in the one case 
the availability of the heat to perform work at the high 
temperature is utilized, while in the other it is lost. 
When heat is transferred by conduction, radiation, etc., 
from a hot body to a colder body, the entropy of the 
hot body decreases and that of the cold body increases. 

As the decrease, -ffr, is less than the increase, -m~, it 

1 i J- 2 

follows that there is a net increase in the entropy of 
the system equal to JQ\ fr — nr • 

With the given quantities of heat Qi and Q2 in the 
hot and cold bodies initially, the resultant imiform 
temperature T^ will depend upon the entropy of the 
system, since Qi+Q2 = T^-^3- The smaller (f>g the 
greater will be the value of T^ for a given quantity of 
the cold body; or, if T^ is a fixed temperature to which 
the cold body is to be raised, the smaller the entropy 
of the cold body the greater the quantity which could 
be raised to this temperature. 

Hence any means of reducing the increase of entropy 

^Q\ W—jT will increase the number of povinds of the 

cold body which can be raised to the desired tempera- 
ture. The maximum value is evidently attained when 
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^'^It, t. 



=0. This is possible in two ways: (1) iso- 
thermal transfer, during which the entropy of one part 
of the system decreases as fast as that of the remainder 
increases; or (2) by isentropic transfer changing heat 
into work and then back to heat again, by which means 
the entropy of each part of the system remains un- 
changed and the temperature of the hot body is 
decreased while that of the cold body is raised by 
quantities inversely proportional to the entropies of 
the two bodies. Evidently only the second form is 
applicable here. Let us discuss the ideal case where 
radiation losses do not exist. 

Let Ti be the temperature of a limited supply of heat, 
Qi, and Tj that of an unlimited supply, say, of the at- 
mosphere, and Tg some intermediate temperature to 
which a room is to be warmed. A Carnot engine work- 

T —T 
ing between T^ and T^ would perform the work Qi—^ — - 

T 
and reject the heat Qitjt- Suppose this work to be 

■' 1 

expended upon an air-compressor, heating the air from 

T2 to Tg. As the entropy of the air does not increase 

during adiabatic compression, the entropy of the air so 

compressed must be equal to the heat added during 

compression divided by the increase in temperature, or 

T -T 
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hence the supply of air taken into the compressor must 
have contained the heat 

The heat contained in the hot air at temperature Ts 
will then be 

rp rp rp rp rp 

QA — QtjT'rp _rp ~^Qi m 

which could also be obtained by multiplying the uni- 
form entropy of the air by the final temperature T^. Thus 

T T —T 

The total quantity of heat delivered to the room thus 
becomes the sum of that rejected by both engine and 
compressor, or 

rp T* 'P V T' 

Q^ — Qx'm' '^Qa = Vi m" + Vi m" ' rp _m 

The increase in heating power over that obtained by 
the use of the steam alone is thus 



Vs Vl— Vim rp _m Vl Vim m _ jt 



Q. 



2> 
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or equal to the heat contained in the air originally. An 
examination of this last formula shows that if the upper 
and lower temperatures, Tj and T.^, are fixed, the gain 
will be greater the smaller the value of T^, so that when 
the range T^ — T.^ is small the gain may be many times 
the original quantity of heat. The gain Q3-Q1 repre- 
sents the extreme difference obtained by supposing in 
one case all the availability to be utiUzed and in the 
other that none of it is utilized, or that the hot body 
simply expanded along a constant heat-curve imtil T^ 
is reached, thus suffering an increase of its own entropy. 
In practice the actual difference would be diminished 
from both sides, the maximum value of Q^ being im- 
possible to attain, due to radiation, conduction, and 
friction losses, and the minimum value Q^ would always 
be exceeded, as the heat contained in the air would be 
partially utilized. 

This maximum gain, Q3—Q1, can be illustrated by 
means of the T^-diagram, as shown in Fig. 46. Let ah 
represent the quantity of heat Qi at the temperature 
T^. T2 is the temperature of the atmosphere and T^ 
that in the room. A Carnot engine working between 
Ti and T^ would perform the work ac and exhaust the 
heat db, the temperature of the exhaust having been 
lowered from T^ to T^, but the entropy remaining con- 
stant at a'b. If no work is performed, but the hot body 
permitted to expand along the constant heat-curve H, 
the heating effect at T^ will be de=ah=Q^. Let us rep- 
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resent the change in the condition of the air at the left 
of the line aa'. Let mn{=ac) represent the work of 
the compressor in heat-units. As this has to bridge 
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over the temperature interval T3—T2, its width or 



ac 



entropy will be /a' = m — sr- The heat originally con- 
-'3 -'2 

tained in the air thus compressed is therefore shown 
by nf. The total heating effect is thus ma' +db, which 
is greater than de by the area nf. 
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To determine the position of the point m, it is con- 
venient to construct the rectangular hj^erbola as pass- 
ing through a, and so proportioned that when inter- 
sected by isothermals T^, T/, etc., the rectangles mn, 
m'n, etc., thus determined will be equal to the work 
performed by the Carnot engine, ac, ac', etc., respec- 
tively. 

It should be noticed that as T^ approaches T^, the 
quantity of heat nf, nf, etc., utihzed from the atmos- 
phere increases indefinitely. "When, therefore," to 
quote the words of Prof. Cotterill, " we warm our houses 
by the direct action of heat from combustible bodies, we 
waste by far the greater part of it by making no use of 
the high temperature at which the heat is generated, a 
small quantity of heat at high temperature being ideally 
capable of raising a large quantity to a moderate tem- 
perature." 

" It is interesting, and may some day be useful," says 
Prof. Ewing, " to recognize, that even the most econom- 
ical of the usual methods employed to heat buildings, 
with aU their advantages in respect of simplicity and 
absence of mechanism, are in the thermodynamic 
sense spendthrift modes of treating fuel." 



CHAPTER XII. 

THE TEMPERATURE-ENTROPY DIAGRAM OF THE 
ACTUAL STEAM-ENGINE CYCLE. 

The Rankine cycle is based upon the following as- 
sumptions : 

(1) Non-conducting cylinder walls and piston; 

(2) Isentropic expansion to the back pressure; 

(3) Instantaneous action of the valves; 

(4) No leakage by the piston and the valves. 

From the first two conditions it follows that the size 
of the clearance space is immaterial. 

Referring to the actual steam-engine, we find that 
the conductivity of the metal produces initial conden- 
sation and reevaporation losses, and that the expansion 
can be carried to back pressure only by reducing the 
efficiency. The size of the clearance must therefore be 
considered, because the cycle of the clearance steam will 
affect the economy. The valves are not instantaneous 
in action, and leakage always occurs by both piston and 
valves. The Rankine cycle is thus unattainable in 
practice and is but an ideal which the actual engine 

strives to approximate. 

117 
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The amount of condensation and reevaporation is 
the result of so many factors, that to determine the 
influence of each by the ordinary methods of compari- 
son would require too much time and money. Hence 
to aid in evolving a theory of the steam-engine which 
shall account for aU heat losses and interchanges, some 
convenient form of analysis must be adopted by which 
the losses for any single test may be investigated. 

Hirn's analysis makes possible the determination of 
the net heat changes occurring between admission and 
cut-off, cut-off and release, release and compression, and 
compression and admission, but does not give informa- 
tion as to the actual direction of heat-transference at 
any moment. Fortunately, the T^-diagram offers a 
graphical solution equivalent to that of Hirn's analysis, 
and also makes clear the direction in which the inter- 
change of heat is occurring at any point. Before 
a r^-projection of an indicator-card can be made, 
it will be necessary to discuss at length the different 
lines of the card in order to determine exactly what 
each represents. 

The Admission Line of the Indicator-card. — During 
admission the steam is not at a imiform temperature 
and pressure. Part is still in the steam-pipe under 
boiler pressure, part has passed through the valve-chest 
and steam-ports, and has already entered the cylinder, 
and still a third portion is in the process of transition. 
In general, the surrounding metal is colder than the 



ACTUAL STEAM-ENGINE CYCLE. 119 

steam, so that a continual loss of heat is experienced 
resulting in condensation and decrease of volume and 
entropy. To this is added the further effect of wire- 
drawing, due to too small steam passages and to the 
throttling effect when the valve is opening and closing, 
producing a drop of pressure and increase of both spe- 
cific volume and entropy. It is probable that each 
particle of steam follows its own path in passing from 
the steam-pipe into the cylinder up to the point of cut- 
off. Thus the admission line of the indicator-card is 
not the p'u-history of the entire quantity of steam nor 
of any particular part of it,^ and is only a record of the 
pressure exerted from moment to moment by the vary- 
mg quantity of steam confined in the cylinder. Hence 
in projecting the admission-curve into the T^-plane it 
must be remembered that the projection does not rep- 
resent the r^-history of any portion of the steam, but 
is simply a reproduction of each individual point of the 
pv-curve. 

Let a'c' (Fig. 47) represent the T^-proj action of the 
admission line of an indicator-card, while b represents 
the state point of the steam in the steam-pipe. But 
for the various losses the admission line would have 
been db, which represents the actual path followed by 
the steam in the boiler. If, for a moment, we consider 
the admission to represent a reversible process, the 
area under a'c' will represent the heat received during 
this process. Hence the area abb^CiC'a' represents the 
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difference between the heat contained per pound of 
steam in the boiler, and the amount realized per pound 
in the cyUnder, or the losses due to initial condensation 
and wire-drawing. The former would simply result in 
the condensation of part of the steam, thus causing the 
value of X to diminish from h to c, or possibly to some 
point slightly to the left of c; the latter would cause a 
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drop in pressure and increase of entropy, moving the 
state point to c'. Due to the impossibility of distin- 
guishing accurately between these two opposing fac- 
tors, one tending to decrease, the other to increase the 
entropy, the area chh^c^ is taken to represent the loss 
due to initial condensation, and the area acdd to repre- 
sent the loss or reduction in efficiency due to friction 
and wire-drawing. 
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The Expansion Line of the Indicator-card. — If we 

assume that the leakage by piston and valves is negli- 
gible during expansion, the expansion-curve between 
cut-off and release represents the continuous p'y-history 
of the entire quantity of steam contained in the cylin- 
der; that is, of the cylinder feed plus the clearance 
steam. The temperature of the steam throughout the 
cylinder is not uniform, as heat-conduction is occurring 
between the steam and the metal, so that the indicator 
records but the average pressure due to these variable 
temperatures. Hence the T^-projection will give but 
average values of the T^-changes during expansion. 

Since there is no appreciable friction of the steam 
against the metal, as during admission, it follows that 
neglecting the inequalities in the temperature of the 
steam, there is no reduction of the heat efficiency of 
the steam due to internal irreversible processes, and 
thus any increase or decrease of the entropy of the 
steam must result from heat-transferences between the 
steam and the surrounding metal. If adiabatic, the 
curve would here be isentropic, but as the steam is at 
first hotter than the cylinder walls, the fiow of heat is 
from steam to metal, thus causing an increase in the 
entropy of the metal and a decrease in that of the 
steam. 

The expansion line thus assumes at the start some 
such form as c'd, becoming steeper as the temperature 
drops, and just at the moment the temperatures of the 
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steam and the walls are the same it becomes isentropic. 
From this point, d, on to release at e, the heat transfer 
is from metal to steam, so that the entropy of the latter 
now increases and the curve slants to the right. 

The ideal engine, supplied with steam of condition c', 
would expand isentropically along c'c^ to the back pres- 
sure at h. Hence the area c'dd^c^, under the first part 
of the expansion-curve, represents the loss of heat due 
to conduction. Again, the ideal engine, supplied with 
steam of condition d, would expand isentropically to k. 
The area under de, for the actual engine, thus repre- 
sents a gain due to the heat returned by the walls. It 
should be noted that the heat thus regained is restored 
at a lower temperature than that at which it was lost, 
and hence at a lower efficiency. 

The Exhaust Line of the Indicator-card. — Let us con- 
sider first the case where the expansion is carried down 
to back pressure. The ideal engine, supplied with 
steam of quality e, would expand along ee^ down to the 
pressure in the condenser and then condense along mg. 
The actual engine, due to the resistance of the exhaust 
ports, etc., would expand to some pressure, as I, greater 
than that in the condenser and would then exhaust 
along Ig'. The area Ig'gm would thus represent the 
loss of heat due to throttling during exhaust. 

If the release-valve opens at e before back pressure 
is reached, the phenomena are as follows: As the valve 
starts to open steam begins to escape and is throttled 
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down to the condenser pressure ; as the valve continues 
to open the escape becomes more rapid until the back 
pressure is established. Then on the return stroke more 
steam is forced out against the back pressure, and near 
the end, as the exhaust-valve begins to close, there is 
a slight rise in pressure and a small quantity escapes, 
suffering reduction in efficiency by throttling. As the 
valve closes, all the cylinder feed has escaped, and only 
the clearance steam remains. It is necessary to note 
that the exhaust line of the card records the pressure 
of the steam still in the cylinder at any moment and 
gives no information whatever as to its condition, or 
of the condition of that portion already exhausted. 
Thus part of the steam has already reached the con- 
denser (or in the case of a multiple-expansion engine 
the following cylinder or intermediate receiver), and 
has already parted with some of its heat, while that 
still in the cylinder, being at a lower temperature than 
the cylinder walls, is receiving heat and losing its mois- 
ture and may sometimes at compression have become 
even superheated. The last part of the exhaust-steam 
will necessarily have to retrace part of this thermody- 
namic process on reaching the condenser, or upon min- 
gling with the rest of the steam in the following receiver 
or cylinder. 

The exhaust line of the card does not represent the 
pv-history of any definite quantity of steam, but is sim- 
ply a pressure record of continually varying quantities 



124 THE TEMPERATURE-ENTROPY DIAGRAM. 

confined in a constantly diminishing volume. It does, 
however, represent the amount of work required to 
discharge the steam, and in that sense the area under 
its T^-projection will represent the total heat dis- 
charged. 

In the case of the ideal engine, the exhaust line, efg, 
divides into two parts, e/ and fg, equivalent to decrease 
of pressure at constant volume and to decrease of vol- 
ume at constant pressure respectively. The heat re- 
jected is represented by the total area under efg, and 
exceeds that rejected after complete expansion to the 
back pressure by e/m, which thus represents the extra 
loss incurred by incomplete expansion. The exhaust 
line for the actual indicator-card will be some such 
curve as efg', where the area efl shows the loss due to 
incomplete expansion, and l^gm the loss due to throt- 
tling, friction, etc. 

The Compression Line of the Indicator-card. — The 
compression-curve, from the closing of the exhaust- 
valve up to the moment of admission, gives the fv- 
history of the clearance steam, and, if no leakage is 
assumed, the T^-projection will thus be the actual 
r^-history of a definite quantity of steam. As the 
pressure increases the curve deviates more and more 
rapidly from the adiabatic, due to the increasing effect 
of conduction losses, and on some cards may become 
nearly isothermal. In such cases it is probable that 
the assumption of dry steam at compression is incor- 
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rect, the presence of moisture helping to explain the 
rapid loss of heat. 

During the interval between the opening of the ad- 
mission-valve and the attainment of initial pressure 
the time interval is so small that probably the assimip- 
tion of adiabatic compression of the clearance steam 
would not be greatly wrong. The gaui in heat thus 
incurred must be at once lost by condensation during 
the first part of the admission, but it is impossible to 
determine the history of this change. 

To obtain the T^-projection of the compression- 
curve, the saturation-curve for the weight of clearance 
steam should be drawn through the point of compres- 
sion (assuming dry steam at compression) and the 
projection performed as previously described. The 
curve will assume some such form as pq, which may 
or may not, according to circumstances, have its course 
partially or wholly in the saturated or superheated 
regions. In any case the area under the curve, when 
reduced to the proper ratio, shows the heat lost to the 
walls during compression, and, if the horizontal line of 
the indicator-card is established at q, gives a general 
idea of the temperature of the cylinder at the moment 
of admission, and hence a measure of the heat neces- 
sary to bring the cylinder up to the temperature of 
the entering steam. Except for this one feature, the 
cycle of the clearance steam is unimportant, as all 
the losses occasioned by it will be manifested by the 
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difference between the cycle for an ideal engine, 
working between the given pressures in the steam 
pipe and condenser, and the T^-plot of the actual 
card. 

The Indicator-card. — Considered as a whole, the indi- 
cator-card furnishes the following information. The 
admission line and the exhaust line simply represent 
the pressure of part of the steam, but do not give any 
information regarding the specific volume. On the 
other hand, both the expansion and the compression 
lines give the history of definite quantities of steam. 
Thus both the expansion and compression of the 
clearance steam are recorded, while only the expan- 
sion of the cylinder feed appears, the compression of 
the latter occurring in the boiler. The entire card, if 
plotted directly, can at the best be considered only as 
the heat equivalent of the work done, but not as the 
Ti^-history of any closed cycle. Thus, for example 
while the projection of the exhaust line gives some such 
curve as ef'g', which on the T^-chart indicates con- 
densation, it is probable that the value of x of the con- 
fined steam is actually increasing. 

The difiiculties involved in the proper interpretation 
of the irreversible portions of the indicator-card have 
led different investigators to make certain assumptions 
as to the influence of the clearance steam and as to the 
possibility of replacing the actual curves by equivalent 
reversible processes. 



ACTUAL STEAM-ENGINE CYCLE. Vll 

The Clearance Steam Considered as an Elastic Cushion. 

—During expansion the clearance steam follows the 
same laws and variations as the cylinder feed, and this 
in general is not the reverse of its history during com- 
pression. Thus the cycle of the clearance steam, if it 
could be drawn, would enclose an area representing 
either positive or negative work. This cycle would 
then be of especial interest in determining losses ex- 
perienced by the clearance steam, but as these losses 
must eventually be charged against the entering steam, 
the total effect upon the efficiency would be the same 
if the clearance steam were considered as an isolated 
elastic cushion expanded and compressed along the 
same adiabatic. If, then, an adiabatic is drawn through 
the point of compression on the indicator-card, the 
horizontal distance from any point on this adiabatic to 
the corresponding point on the indicator-card shows 
the volimie which the cylinder feed would occupy 
under the above assumptions. Taking this adiabatic 
as the line of zero volume, a diagram can thus be con- 
structed which shows only the variations of the cylinder 
feed. It is then only necessary to draw on the satura- 
tion -curve for the weight of steam fed to the cylinder 
per stroke and the card can be at once projected into 
the T^-plane. This is, in its essential points, the 
method adopted by Prof. Reeve in his book on the 
Thermodynamics of Heat Engines, although he changes 
volumes so that the reconstructed card represents 
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the pv-history of one pound of cylinder feed instead 
of the actual weight in the cylinder. To project his 
reconstructed card into the T^-plane, it is only nec- 
essary to draw the saturation-curve for one pound of 
steam instead of that for the pounds fed per stroke. 
Inasmuch as the r^-projection will be the same in 
either case it seems somewhat simpler to adopt the 
first method, viz., to construct the saturation-curve for 
the number of pounds in the cylinder rather than to 
redraw the diagram to correspond to one pound of 
cylinder feed. 

This method undoubtedly makes possible a deter- 
mination of the general magnitude and character of the 
various heat interchanges, but is open to the following 
objections. 

The compression line of the card refers to the clear- 
ance steam alone, so that the deviations from the adia- 
batic thus obtained refer to itself and not to the cylin- 
der feed. Furthermore, the reconstructed curve may 
actually pass to the left of the water line, assuming 
imaginary values on the T^-plane, and thus give a 
wrong conception of the condition of this steam, which, 
instead of being wet, is usually dry or superheated, and 
lies to the right of the expansion line. Again, the ex- 
pansion line no longer represents the actual pv- or 
T^-history of the steam, but an imaginary history which 
the cylinder feed might have if the clearance steam 
expanded adiabaticaUy. The entire card thus becomes 
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to a certain extent imaginary, and in so far is unde- 
sirable. 

The Indicator-card Considered as a Reversible Cycle. 
— ^The area of the card gives the heat changed into work, 
and this same result may be attained by assuming the 
clearance steam and cylinder feed to remain in the 
cylinder, being heated and cooled by external means 
and thus caused to expand and contract along a rever- 
sible cycle coincident in shape with the actual card. 
The original card may thus be projected into the Tcp- 
plane as soon as the saturation-curve for the total 
weight of steam has been drawn on it. The expansion 
line represents the actual history of the substance, but 
the compression line is entirely imaginary. 

This method was adopted by Prof. Boulvin in his 
book, The Entropy Diagram, from which the following 
two illustrations are copied, with but slight alterations. 
ABODEF, in Fig. 48, represents the T^-projection of 
a certain indicator-card. The line DE represents the 
actual expansion history of the total steam; the other 
lines give more or less imaginary values. The small 
diagram at the right is used to interpret the compres- 
sion line AB. If W and w represent the pounds of 
cylinder feed and clearance steam respectively per 
revolution, the large diagram represents the cycle of 
W+w pounds of the mixture, while the small diagram 
represents the entropy of w poimds. Assuming dry 
steam at compression, the heat rejected by w pounds 
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during compression is shown by area abh^ai. The 
entropy aoa=AoA is that due to the vaporization of 
w pounds of water, so that AG must represent that for 
the W pounds of cylinder feed. Through A and G it 
is then possible to draw the water line AL and the 
dry-steam line GX for W pounds. The cycle for the 




Fig. 48. 

Rankine engine using W pounds per revolution is rep- 
resented by ALXH, so that the efficiency of the actual 
engine as compared with that of the ideal engine is 

ABCDEF 
ALXH • 



In Fig. 49, let L' and L be the liquid lines of W and 
W +w pounds respectively, and let L" be drawn through 
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the point of compression a parallel to L'; and let S and 
<S' be the dry-steam lines corresponding to the water 
lines L and L". As is evident from Fig. 48, the hori- 
zontal distance between the hquid line A/Jo and the 
compression line AB is equal to the entropy of vapori- 
zation of the clearance steam (for example, A,^A=a^, 
BoB = bob). In Fig. 49 the horizontal distance between, 
U and L represents the entropy for W+w—W or w 




Fig. 49. 



pounds of water. Therefore the horizontal distance 
from U to the compression-curve ab represents the 
total entropy of the clearance steam. a'L' is thus the 
curve of zero entropy for the clearance steam, and any 
curves, such as nb and aL", parallel to a'U represent 
isentropic changes. The heat rejected along ab is thus 
shown by abnriiai without the help of any auxiliary 
diagram. 
a^aU'S'r represents the heat received per cycle in the 
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W pounds of cylinder feed, abcdef represents the heat 
utilized, so that the difference, M, represents the total 
heat losses. These consist of the exhaust-heat aiueei, 
the heat lost during compression abnn^ai, and the heat 
lost during admission. The heat refunded during ex- 
pansion is represented by deeid^. Hence the heat lost 
during admission equals 

M —a^aeci —ahnn^a^ +deej^d=cL"gcddirS'c —nyvbgaai. 

If the condition of the steam is desired at any point 
of the expansion de, it is found by reference to the lines 
L and S and not with reference to L" and 8'. Hence 
the initial condensation changed the state point from 
8 to d', so that this loss is represented by the area 
under 8d' and not by that under 8'd'. Subtracting 
this from the total loss during admission there is left 

cL"gcdd' +88^x8' —ninbgoMi 

as the heat losses due to wire-drawing and friction. 

This method is simple and easy of application, as it 
requires the construction of only two extra curves, U 
and 8\ Furthermore it gives a very complete account 
of the clearance steam. The only objection, appar- 
ently, is that, with the exception of the expansion line 
de, it gives an entirely false idea of the cycle of the cyl- 
inder feed, as this in reality is entirely condensed and 
then heated along aL" in the boiler. 
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If the cylinder is jacketed, the heat given out by the 
jacket steam may be indicated at the right of XH 
(Fig. 48), as shown under XJ. Further, if the radiation 
loss is known, it may be represented under JR, and 
then the remaining area under XR will represent the 
heat given by the jackets to the steam in the cylinder. 

Separate Cycles for the Cylinder Feed and the Clear- 
ance Steam. — ^Whatever the assumptions made with 
reference to the card, its total area must not be changed. 
Thus, even if an attempt is made to draw separate 
cycles for both cylinder feed and clearance steam, the 
compression line of the resultant cylinder-feed card will 
never exactly coincide with the water line of the T(j)- 
diagram, so that this line must always remain imagi- 
nary in its readings. It is, however, possible to have 
the reconstructed expansion line represent the true jm- 
history of the steg,m. Thus, in place of drawing an 
isentropic line through the point of compression, draw 
the polytropic curve pv^=C, where n has the value 
foimd for the expansion-curve. Assuming that the 
clearance steam is expanded and compressed along this 
line, the card for the cylinder feed can be constructed 
by assuming this curve to represent zero volume. The 
r^-projection of the expansion-curve will thus repre- 
sent the true average history of the cylinder feed, and 
the compression line will follow more closely the water 
line than it does when an adiabatic curve is taken as 
the new base line. 
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The cycle for the clearance steam can be found be- 
tween cut-off and release, and between compression and 
admission, but the rest of it would be entirely imagi- 
nary. Possibly it might be continued from admission 
up to the attainment of initial pressure by assuming 
adiabatic compression. As may be seen from Fig. 47, 
the clearance steam contains less moisture at admission 
and compression than at cut-off and release respec- 
tively, so that whatever its exact path between admis- 
sion and cut-off and between release and compression, 
it must at least show decreasing and increasing values 
of X respectively, so that its history is the reverse of 
that shown by the indicator-card itself. 

It is doubtful if the increased labor involved in the 
making of such a plot would be recompensed by any 
added information which could not be obtained by a 
proper interpretation of the simple method used by 
Prof. Boulvin. 
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* Tillman's Elementary Lessons in &eat .8vo, 

* Descriptive General Chemistry 8va, 

Treadwell's Qualitative Analysis. (HaU.) 8vo, 

Quantitative Analysis. (Hall.) 8vo, 

Tumeatire and Russell's Public Water-supplies 8vo, 

Van Deventer's Physical Chemistry for Beginners. (Boltwood.) i2mo, 

* Walke's Lectures on Explosives 8vo, 

Wassermann's Immune Sera: Haemolysins, Cytotoxins, and Precipitins. (Bol- 

duan.) i2mo, 

Wells's Laboratory Guide in Qualitative Chemical Analysis 8vo, 

Short Course ir Inorganic Qualitative Chemical Analysis for Engineering 

Students i2mo, 

Whipple's Microscopy of Drinking-water *. 8vo, 

Wiechmann's Sugar Analysis Small 8vo. 

Wilson's Cyanide Processes i2mo, 

Chlorination Process i2mo. 

Wulling's Elementary Course in Inorganic hannaceutical and Medical Chem- 
istry. i2mo, 2 oo 

CIVIL ENGINEERIHG. 

BRIDGES AND ROOFS. HYDRAULICS. MATERIALS OF EN6INEERIHS 

RAILWAY ENGIHEEMNG. 

Baker's Engineers' Surveying Instruments i2mo, 3 »• 

Bizby's Graphical Computmg Table Paper iQ}X24i uiches. as 

•• Burr's Ancient and Modem Engineering and the Isthmian Canal. (Postage, 

27 cents additional.) 8to. °et 3 50 

Comstock's Field Astronomy for Engineers 8vo, 2 so 

Davis's Elevation and Stadia Tables 8vo, I 00 

Elliott's Engineering for Land Drainage i2mo, i so 

Practical Farm Drainage "?"»• » •*» 

Folwell's Sewerage. (Designing and Maintenance.) ave, 3 00 

Freitag's Architectural Engineering. 2d Edition, Rewritten 8vo, 3 So 

French and Ives's Stereotomy 8vo, a so 

Goodhue's Municipal Improvements i2mo, i 7S 

Goodrich's Economic Disposal of Towns' Refuse ovo, 3 so 

Gore's Elements of Geodesy °™' * ^o 

Hayford's Text-book of Geodetic Astronomy • 8™. 3 00 

Hering's Ready Reference Tables (Conversion Factors) i6mo, morocco, 2 50 

Howe's Retaining Walls for Earth ■ ■ • ■"™<»> ' ^S 

Johnson's Theory and Practice of Surveying Small 8vo, 4 00 

Statics by Algebraic and Graphic Methods >"'>• * o" 
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Eiersted's Sewage Disposal i2ino, i ag 

Laplace's Philosophical Essay on Probabilities. (Truscott and Emory.) i2mo, 2 00 

Mahan's Treatise on Civil Engineering. (1873.) (Wood.) 8vo, s 00 

* Descriptive Geometry 8vo, 1 50 

Uerriman'B Elements of Precise Surveying and Geodesy 8vo, 3 50 

Elements of Sanitary Engineering 870, a 00 

Merriman and Brooks's Handbook for Surveyors i6mo, morocco, 3 00 

Nugent's Plane Surveying.. 8vo, 3 50 

Ogden's Sewer Design ismo, 3 00 

Patton's Treatise on Civil Engineering 8vo half leather, 7 50 

Reed'c Topographical Drawing and Sketching 4to, 5 00 

Rideal's Sewage and the Bacterial Purification of Sewage 8vo, 3 50 

Siebert and Biggin's Modem Stone-cutting and Masonry 8vo, i 50 

Smith's Manual of Topographical Drawing. (McMillan.) 8vo, 2 50 

Sondericker's Graphic Statics, wiin Applications 10 Trusses, Beams, and 

Arches. • 8vo, 2 00 

* Trautwine's Civil Engineer's Pocket-book i6mo, morocco, 5 oo 

Wait's Engineering and Architectural Jurisprudence 8vo, 6 00 

Sheep, 6 50 
Law of Operations Preliminary to Construction in Engineering and Archi- 
tecture 8vo, 5 00 

Sheep, 5 so 

Law of Contracts 8vo, 3 00 

Warren's Stereotomy — Problems in Stone-cutting. 8vo, a 50 

Webb's Problems in the Vse and Adjustment of Engineering Instruments. 

i6mo, morocco, i 25 

* Wheeler's Elementary Course of Civil Engineering. 8vo, 4 00 

Wilson's Topographic Surveying 8vo, 3 50 

BRIDGES AND ROOFS. 

Boiler's Practical Treatise on the Construction of Iron Highway Bridges. .8vo, 2 00 

* Thames Siver Bridge 4to, paper, 5 00 

Burr's Course on the Stresses in Bridges and Roof Trusses, Arched Ribs, and 

Suspension Bridges. 8vo, 3 50 

Du Bois's Mechanics of Engineering. Vol. II Small 4to, 10 00 

Foster's Treatise on Wooden Trestle Bridges 4to, 5 00 

Fowler's Cofier-dam Process for Piers 8vo, a 50 

Greene's Roof Trusses 8vo, i 25 

Bridge Trusses 8vo, 2 -so 

Arches in Wood, Iron, and Stone 8vo, 2 50 

Howe's Treatise on Arches 8vo, 4 00 

Design of Simple Roof-trusses in Wood and Steel 8vo, 2 00 

Jcluson, Bryan, and Tumeaure's Theory and Practice in the Designing of 

Modem Framed Stractures Small 4to, 10 00 

Merriman and Jacoby's Text-book on Roofs and Bridges: 

Parti. — Stresses in Simple Trasses 8vo, 2 50 

Partn. — Graphic Statics 8vo, 2 so 

Part in. — ^Bridge Design. 4th Edition, Rewritten Svd, 2 so 

Part IV. — Higher Stmctures 8vo, 2 50 

Uorison's Memphis Bridge 4to, 10 00 

VITaddeU's De Pontibus, a Pocket-book for Bridge Engineers. . . i6mo, morocco, 3 00 

Specifications for Steel Bridges i2mo, 1 2S 

Wood's Treatise on the Theory of the Constraction of Bridges and Roofs . 8vo, 2 00 
Wright's Designing of Draw-spans: 

Part L — Plate-girder Draws 8vo, 2 So 

Part n. — Riveted-trass and Pin-connected Long-span Draws 8vo, 2 so 

Two parts in one volume ,..,.,., 8vo, 3 5» 

6 



HYDRAULICS. 

Bazin's Experiments upon the Contraction of the Liquid Vein Issuing from an 

Orifice. (Trautwine.) Svo, a oo 

BoTey's Treatise on Hydraulics 8to, s oo 

Church's Mechanics of Engineering Svo, 6 oo 

Diagrams of Mean Velocity of Water in Open Channels paper, i 50 

Coffin's Graphical Solution of Hydraulic Problems i6mo, morocco, 2 50 

Flather's Dynamometers, and the Measurement of Power izmo, 3 00 

Folwell's Water-supply Engineering Svo, 4 00 

Frizell's Water-power Svo, 5 oo 

Fuertes's Water and Public Health izmo, 1 so 

Water-filtration Works i2mo, a so 

Ganguillet and Kutter's General Formula for the Uniform Flow of Water in 

Rivers and Other Channels. (Hering and Trautwine.) Svo, 4 00 

Hazen's Filtration of Public Water-supply Svo, 3 00 

Hazlehurst's Towers and Tanks for Water-works Svo, a 50 

Herschel's 115 Experiments on the Carrying Capacity of Large, Riveted, Metal 

Conduits Svo, a 00 

Mason's Water-supply. (Considered Principally from a Sanitary Stand- 
point.) 3d Edition, Rewritten Svo, 4 00 

Merrlman's Treatise on Hydraulics, gth Edition, Rewritten Svo, s 00 

» Michie's Elements of Analytical Mechanics 8vo, 4 00 

Schuyler's Reservoirs for Irrigation, Water-power, and Domestic Water- 
supply Large Svo, s 00 

•• Thomas and Watt's Improvement of Rlyers. (Post., 44 c. additional), 4to, 6 00 

Tumeaure and Russell's Public Water-supplies Svo, s 00 

Wegmann's Desien and Construction of Dams 4to, s 00 

Water-supply of the City of New York from 1638 to'iSgS 4*0, 10 00 

Weisbach's HydrauUcs and Hydraulic Motors. (Du Bois.) Svo, s 00 

Wilson's Manual of Irrigation Engineering Small Svo, 4 00 

Wolff's Windmill as a Prime Mover Svo, 3 00 

Wood's Turbines 8™' » 5o 

Elements of Analytical Mechanics Svo, 3 00 

MATERIALS OF EKGIHEERmG. 

Baker's Treatise on Masonry Construction Svo, 5 o<> 

Roads and Pavements Svo, s 00 

Black's United States PubUc Works Oblong 4to, 5 00 

Bovey's Strength of Materials and Theory of Structures Svo, 7 50 

Burr's Elasticity and Resistance of the Materials of Engineering. 6th Edi- 
tion, Rewritten 8™' 7 50 

Byrne's Highway Construction Svo, s 00 

Inspection of the Materials and Workmanship Employed Jn Construction. 

i6mo, 3 00 

Church's Mechanics of Engineering ■ • ■ • ■ ■*''°' ■ * •" 

Du Bois's Mechanics of Engineering. VoL I -Small 4to, 7 So 

Johnson's Materials of Construction I-a^ee 8™' «"» 

^.„_ Svo, 2 so 

Keep's Cast Iron g 

Lanza's Applied Mechanics • ■ • • • ; ■ ' ' ^ 

Martens's Handbook on Testing Materials. (Hennmg.) 2 vols Svo. 7 So 

MerriU's Stones for Building and Decoration a™' ! !! 

Merriman's Text-book on the Mechanics of Materials 8vo, 4 00 

mciiiuiou I2mo, I 00 

Strength of Materials 

Metcalf'sSteeL A Manual for Steel-users "™°' ^ 00 

Patton's Practical Treatise on Foundations "• 5 00 



2 


50 


5 


00 


4 


00 


3 


00 


I 


25 


2 


oo 


3 


00 


4 


00 



Rockwell's Roads and Pavements in France lamo, s 3E 

Smith's Materials of Machines x2mo, i oo 

Snow's Principal Species of Wood 8vo, 3 50 

Spalding's Hydraulic Cement i2mo, 2 oo 

Text-book on Roads and Pavements z2mo, 2 00 

Thurston's Materials of Engineering, 3 Parts 8vo, 8 00 

art L — Non-metallic Materials of Engineering and Metallurgy 8vo, 2 00 

Part n. — Iron and Steel 8vo, 3 50 

Part III. — A Treatise on Brasses, Bronzes, and Other Allays and their 

Constituents 8vo, 

Thurston's Text-book of the Materials of Construction 8vo, 

Tillson's Street Pavements and Paving Materials 8vo, 

Waddell's De Pontibus. (A Pocket-book for Bridge Engineers.). . i6mo, mor., 

Specifications for Steel Bridges i2mo, 

Wood's Treatise on the Resistance of Materials, and an Appendix on the Pres- 
ervation of Timber 8vo, 

Elements of Analytical Mechanics 8vo, 

Wood's Rustless Coatings: Corrosion and Electrolysis of Iron and Steel. . .Svo, 

RAILWAY EHGIITEEBOTG. 

Andrews's Handbook for Street Railway Engineers. 3X5 inches, morocco, i 25 

Berg's Buildings and Structures of American Railroads 4to, 5 00 

Brooks's Handbook of Street Railroad Location i6mo, morocco, i 50 

Butts's Civil Engineer's Field-book i6mo, morocco, 2 50 

Crandall's Transition Curve i6mo, morocco, i 50 

Railway and Other Earthwork Tables Svo, i 50 

Dawson's "Engineering" and Electric Traction Pocket-book. i6mo, morocco, 5 00 

Dredge's History of the Pennsylvania Railroad: (1879) Paper, s 00 

* Drinker's Tunneling, Explosive Compounds, and Rock Drills, 4to, half mor., 25 00 

Fisher's Table of Cubic Yards Cardboard, 25 

Godwin's Railroad Engineers' Field-book and Explorers' Guide i6mo, mor., 2 50 

Howard's Transition Curve Field-book i6mo, morocco, i so 

Hudson's Tables for Calculating the Cubic Contents of Excavations and Em- 
bankments 8va, I DO 

Holitor and Beard's Manual for Resident Engineers i6mo, i 00 

Ragle's Field Manual for Railroad Engineers i6mo morocco. 3 00 

Philbrick's Field Manual for Engineers i6mo, morocco, 3 00 

Searles's Field Engineering i6mo, morocco, 3 00 

Railroad SpiraL i6mo, morocco, i 50 

Taylor's Prismoidal Formulie and Earthwork Svo, i 50 

* Trautwine's Method of Calculating the Cubic Contents of Excavations and 

Embankments by the Aid of Diagrams Svo, 2 00 

The Field Practice of [Laying Out Circular Curves for Railroads. 

i2mo, morocco, 2 50 

Cross-section Sheet Paper, 25 

Webb's Railroad Construction. 2d Edition, Rewritten z6xno. morocco, 5 00 

Wellington's Economic Theory of the Location of Railways Small Svo, 5 00 

DRAWING. 

Barr's Kinematics of Machinery Svo, 2 50 

• Bartlett's Mechanical Drawing Svo, 3 00 

• " ' " AbridgedEd Svo, i so 

Coolidge's Manual of Drawing Svo, paper, i 00 

Coolidge and Freeman's Elements of General Drafting for Mechanical Engi- 
neers, iln press.) 

Durley's Kinematics of Machines Svo, 4 00 

8 



Hill's Text-book on Shades api Shadows, and Perspective ,. 8to, 2 oo 

Jamison's Elements o( MepliSnical Drawing. (/» press.) 

Jones's Machine Design: 

Part I. — Kinematics of Machinery gvo^ i go 

Part n.— Form, Strength, and Proportions of Parts 8vo, 3 00 

UBcCord's Elements of Descriptive Geometrj . . , 8vo, 3 00 

Kinematics; or, Practical Mechanism. 8vo, 300 

Mechanical Drawing , „ . . , 4to^ 4 00 

Velocity Diagrams , 8vo, 1 so 

• Hahan's Descriptive Geometry and Stone-cutting , 8vo, i so 

Industrial Drawing. (Thompson.) 8vo, 3 50 

Reed's Topographical Drawing and Sketching 4to, s 00 

Reid's Course in Mechanical Drawing Svo, 2 00 

Text-book of Mechanical Drawing and Elementary Macliine Design . . Svo, 3 00 

Robinson's Principles of Mechanism Svo, 3 00 

Smith's Manual of Topographical Drawing. (McMillan.) Svo, 2 so 

Warren's Elements of Plane and Solid Free-hand Geometrical Drawing. .i2mo, i 00 

Drafting Instruments and Operations i2mo, 12s 

Manual of Elementary Projection Drawing i2mo, i 50 

Manual of Elementary Problems in the Linear Perspective of Form and B 

Shadow i2mo, i 00 

Plane Problems in Elementary Geometry. i2mo, i 25 

Primary Geometry i2mo, 75 

Elements of Descriptive Geometry, Shadows, and Perspective Svo, 3 50 

General Problems of Shades and Shadows Svo. 3 00 

Elements of Machine Construction and Drawing Svo, 7 5o 

Problems, Theorems, and Examples in Descriptive Geometry Svo, 2 50 

Weisbach's Kinematics and the Power of Transmission. (Hermann and 

Klein.) Svo, 5 00 

Whelpley's Practical Instruction in the Art of Letter Engraving i2mo, 2 oo 

Wilson's Topographic Surveying Svo, 3 50 

Free-hand Perspective ' Svo, 2 50 

Free-hand Lettering Svo. x 00 

Woolf's Elementary Course in Descriptive Geometry. Large Svo, 3 00 

ELECTRICITY AND PHYSICS. 

Anthony and Brackett's Text-book of Physics. (Magie.) Small Svo, 3 00 

Anthony's Lecture-notes on the Theory of Electrical Measurements i2mo, i oo 

Benjamin's History of Electricity Svo. 3 00 

Voltaic Cell Svo, 3 00 

Classen's Quantitative Chemical Analysis by Electrolysis, (Boltwood.)..8vo, 300 

Crehore and Sauier's Polarizing Photo-chronograph Svo, 3 00 

Dawson's "Eneineering" and Electric Traction Pocket-book.. i6mo, morocco, 5 00 
Dolezalek's Theory of the Lead Accumulator (Storage Battery). (Von 

Ende.) i2mo,"y2 50 

Duhem's Thermodynamics and Chemistry. (Burgess.) Svo, 400 

Flather's Dvnamometers, and the Measurement of Power i2mo, 3 00 

GUben's De Magnete. (Mottelay.) Svo, 2 so 

Hanchett's Alternating Currents Explained i2mo, i 00 

Bering's Ready Reference Tables (Conversion Factors) i6mo, morocco, 2 so 

Hohnan's Precision of Measurements Svo, 2 00 

Telescopic Mirror-scale Method, Adjustments, and Tests Large Svo, 75 

Landauer's Spectrum Analysis. (Tmgle.) Svo, 3 00 

Le Chatelier's High-temperature Measurements. (Boudouard — Burgess.)i2mo, 3 00 

LBb's Electrolysis and Electrosynthesis of Organic Compounds. (Lorenz.) i2mo. i 00 

• Lyons's Treatise on Electromagnetic Phenomena. Vols. I. and H. Svo, each, 600 

• Michie Elements of Wave Motion Relating to Sound and Light Svo, 4 00 
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Niaudet'E Elementary Treatise on Electric Batteries. (Fishoack.) lamo, 2 50 

• Rosenberg's Electrical Engineering. (EaldaneGee — Kinzbrunner.) 8vo, 150 

Ryan, Norris, and Hozie's Electrical Machinery. VoL I. 8vo, 2 50 

Thurston's Stationary Steam-engines Sto, 2 50 

* Tillman's Elementary Lessons in Heat « 8vo, i 50 

Tory and Pitcher's Manual-of Laboratory Physics Small 8vo, 2 00 

nike's Modem Electrolytic Copper Refining 8vo, 3 00 



LAW. 

* Davis's Elements of Law 8to, 

* Treatise on the Military Law of United States 8vo, 

* Sheep, 

Manual for Courts-martial i6mo, morocco, 

Wait's Engineering and Architectural Jurisprudence ' 8vo, 

Sheep, 
Law of Operations Preliminary to Construction in Engineering and Archi- 
tecture 8vo, 

Sheep, 

LAw of Contracts , 8to, 

Winthrop's Abridgment of Military Law i2mo, 

MAHTJFACTURES. 

Bemadott's Smokeless Powder — Hitro-cellulose and Theory of the Cellulose 

Molecule , izmo, 2 50 

BoUand's Iron Founder I2ma, 2 50 

" The Iron Founder," Supplement. t2mo, 2 50 

Encyclopedia of Founding and Dictionary of Foundry Terms Used in the 

Practice of Moulding i2mo, 3 00 

Eissler's Modem High Explosives 8vo, 4 00 

Effront's Enzymes and their Applications. (Prescott.) 8vo, 3 00 

Fitzgerald's Boston Machinist i8mo, i oo 

Ford's Boiler Making for Boiler Makers i8mo, i 00 

Hopkins's Oil-chemists' Handbook 8vo, 3 00 

Keep's Cast Iron 8vo, 2 50 

Leach's The Inspection and Analysis of Food with Special Reference to State 

Control. (,In preparation.) 

Metcalf's SteeL A Manual for Steel-users i2mo, 2 00 

Metcalfe's Cost of Manufactures — And the Administration of Workshops, 

Public and Private 8vo, 5 oo 

Meyer's Modem Locomotive Construction 4ta, 10 00 

Morse's Calculations used in Cane-sugar Factories i6mo, morocco, i 50 

* Reisig's Guide to Piece-dyeing Svo, 25 oo 

Smith's Press-working of Metals Svo, 3 oo 

Spalding's Hydraulic Cement i2mo, 2 00 

Spencer's Handbook for Chemists of Beet-sugar Houses i6mo, morocco, 3 00 

Handboox tor sugar Manuiaciurers and their Chemists.. .i6mo, morocco, 2 00 
Thurston's Manual of Steam-boilers, their Designs, Construction and. Opera- 
tion 8vo, s 00 

* Walke's Lectures on Explosives Svo, 4 00 

West's American Foundry Practice i2mo, 2 so 

Moulder's Text-book i2mo, 2 50 

Wiechmann's Sugar Analysis Small Svo, 2 so 

Wolff's Windmill as a Prime Mover Svo, 3 00 

Woodbury's Fire Protection of Mills Svo, 2 so 

Wood's Rustless Coatings: Corrosion and Electrolysis of Iron and Steel. . .8vo, '4 00 

10 



MATHEMATICS. 

Baker's Elliptic Functions g^o 

• Bass's Elements of Differential Calculus '.'.'.'.'.".V.'.V.V. i2mo' 

Briggs's Elements of Plane Analytic Geometry .'.'.'.'.'.'.".'.." .' . i2mo ' 

Compton's Manual of Loeaxithmic Computations '.'.'.'.'."... . , i zmo', 

DaTis's Introduction to the Logic of Algebra gvo' 

• Dickson's CoUege Algebra ". .V.V.V.V.V.LMge 'i2mo! 

• Answers to Dickson's College Algebra 8vo , paper, 

• Introduction to the Theory of Ajgebraic Equations Large izmo, 

Halsted's Elements of Geometry 8vo, 

Elementary Synthetic Geometry 8vo, 

Rational Geometry , izmo 

• Johnson's Three-place Logarithmic Tables: Vest-pocket size paper, 

100 copies for 

• Mounted on heavy cardboard, 8 X lo inches, 

10 copies for 

Elementary Treatise on the Integral Calculus Small 8vo, 

Curve Tracing in Cartesian Co-ordinates i2mo. 

Treatise on Ordinary and Partial Differential Equations Small 8vo, 

Theory of Errors and the Method of Least Squares izmo, 

• Theoretical Mechanics i2mo, 

Laplace's Philosophical Essay on Probabilities. (Truscott and Emory.) i2mo, 

• Ludlow and Bass. Elements of Trigonometry and Logarithmic and Other 

Tables 8vo, 

Trigonometry and Tables published separately Each, 

• Ludlow's Logarithmic and Trigonometric Tables 8vo, 

Maurer's Technical Mechanics 8vo, 

Uerriman and Woodward's Higher Mathematics Sto, 

Merriman's Method of Least Squares 8vo, 

Rice and Johnson's Elementary Treatise on the Differential Calculus . Sm., 8vo, 

Differential and Integral Calculus, a vols, in one SmaU 8vo. 

Sabin's Industrial and Artistic Technology of Paints and Varnish. (In press.) 
Wood's Elements of Co-ordinate Geometry 8vo, 

Trigonometry: Analytical, Plane, and Spherical i2mo, 

MECHANICAL ENGmEERING. 
MATERIALS OF ENGINEERING, STEAM-ENGINES AND BOILERS. 

Baldwin's Steam Heating for Buildings i2mo, 

Barr's Kinematics of Machinery 8vo, 

• Bartlett's Mechanical Drawing 8vo, 

• " " " Abridged Ed 8vo. 

Benjamin's Wrinkles and Recipes i2mo, 

Carpenter's Experimental Engineering 8vo, 

Heating and Ventilating Buildings Svo, 

Gary's Smoke Suppression in Plants using Bituminous Coal, (/n prep- 
araiion.) 

Clerk's Gas and Oil Engine SmaU Svo, 

Coolidge's Manual of Drawing, Sto, paper, 

Coolidge and Freeman's Elements of General Drafting for Mechanical En- 
gineers. (In press.) 

Cromwell's Treatise on Toothed Gearing i2mo. 

Treatise on Belts and Pulleys i2mo, 

Durley's Kinematics of Machines Svo, 

Flather's Dynamometers and the Measurement of Power i2mo. 

Rope Driving i2mo, 

11 
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fiill's Gas aad Fuel Analysis for Engineers i2mo, 

Hall's Car Lubrication i2mo, 

Bering's Ready Reference Tables (Conversion Factors) i6mo, morocco. 

Button's The Gas Engine 8vo, 

Jones's Machine Design: 

Part I. — Kinematics of Machinery 8vo, 

Part n. — Form, Strength, and Proportions of Parts 8vo, 

Kent's Mechanical Engineer's Pocket-book i6mo, morocco, 

Kerr's Power and Power Transmission Svo, 

MacCord's Kinematics ; or. Practical Mechanism. Svo, 

Mechanical Drawing 4to, 

Velocity Diagrams Svo, 

^lahan's Industrial Drawing. (Thompson.) Svo, 

Poole's Calorific Power of Fuels Svo, 

Reid's Course in Mechanical Drawing Svo. 

Text-book of Mechanical Drawing and Elementary Machine Design. .Svo, 

Richards's Compressed Air i2mo, 

Robinson's Principles of Mechanism Svo, 

Smith's Press-working of Metals Svo, 

Thurston's Treatise on Friction and Lost Work in Machinery and Mill 

Work Svo, 

Animal as a Machine and Prime Motor, and the Laws of Energetics . i2mo, 

Warren's Elements of Machine Construction and Drawing Svo, 

Weisbach's Kinematics and the Power of Transmission. Berrmann — 

Klein.) Svo, 

Machinery of Transmission and Governors. (Berrmann — Klein.). .Svo, 

Bydraulxs and Bydraulic Motors, (Du Bois.) Svo, 

Wolfi's Windmill as a Prime Mover. Svo, 

Wood's Turbines Svo, 

MATERIALS OF EKGnJEERING. 

Bovey's Strength of Materials and Theory of Structures Svo, 7 50 

Burr's Elasticity and Resistance of the Materials of Engineering. 6th Edition, 

Reset Svo, 

Church's Mechanics of Engineering Svo, 

Johnson's Materials of (instruction Large Svo, 

Keep's Cast Iron Svo, 

Lanza's Applied Mechanics Svo, 

Martens's Handbook on Testing Materials. (Henning,) Svo, 

Merriman's Text-book on the Mechanics of Materials Svo, 

Strength of Materials i2mo, 

Metcalf's Steel. A Manual for Steel-users i2mo. 

Smith's Materials of Machines i2mo- 

Thurston's Materials of Engineering 3 vols., Svo, 

Part n.— Iron and Steel Svo, 

Part m. — A Treatise on Brasses, Bronzes, and Other Alloys and their 
Constituents Svo 

Text-book of the Materials of Construction Svo, 

Wood's Treatise on the Resistance of Materials and an Appendix on the 
Preservation of Timber Svo, 

Elements of Analytical Mechanics Svo, 

Wood's Rustless Coatings: Corrosion and Electrolysis of Iron and Steel, . .Svo, 

STEAM-ENGINES AND BOILERS. 

Camot's Reflections on the Motive Power of Beat. (Thurston.) i2mo, 

Dawson's "Engineering" and Electric Traction Pocket-book. .i6mo, mor„ 

Ford's Boiler Making for Boiler Makers iSmo, 
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Goss's LocomoHTe Sparta - Svo, 2 oo 

Hemniway's Indicator Practice and Steam-engine Economy izmo, a 00 

Button's Mechanical Engineering of Power Plants gvoi s 00 

Heat and Heat-engines ['[ g^o." s 00 

Kent's Steam-boiler Economy g^o^ ^ 00 

Eneass's Practice and Theory of the Injector gvo' i so 

MacCord's SUde-valves '..'.'.'.'.'.'.'.'.'. '.Sm, 2 00 

Meyer's Modem Locomotive Construction ' . .410.' 10 00 

Peabody's Manual of the Steam-engine Indicator .". .Vzmo, i so 

Tables of the Properties of Saturated Steam and Other Vapors Svo, 1 00 

Thermodynamics of the Steam-engine and Other Heat-engines Svo, s 00 

Valve-gears for Steam-engines gvo, 2 so 

Peabody and Miller's Steam-boilers Svo, 4 00 

Pray's Twenty Years with the Indicator Large Svo, 2 50 

Pupln's Thermodynamics of Reversible Cycles in Gases and Saturated Vapors. 

(Osterberg.) i2mo. i 25 

Reagan's Locomotives : Simple, Compound, and Electric i2mo, 2 so 

Rontgen's Principles of Thermodynamics. (Du Bois.) Svo, 5 00 

Sinclair's Locomotive Engine Running and Management i2mo, 2 00 

Smart's Handbook of Engineering Laboratory Practice i2mo, 2 50 

Snow's Steam-boiler Practice Svo, 3 00 

Spangler's Valve-geais Svo, 2 50 

Notes on Thermodynamics • i2mo, i 00 

Spangler. Greene, and Marshall's Elements of Steam-engineering Svo, 3 00 

Thurston's Handy Tables Svo, i 50 

Manual of the Steam-engine 2 vols.. Svo, 10 00 

Part L — ^History. Structuce, and Theory Svo, 6 00 

Part n. — ^Design, Construction, and Operation Svo, 6 00 

Handbook of Engine and Boiler Trials, and the Use of the Indicator and 

the Prony Brake Svo 5 00 

Stationary Steam-engines Svo, 2 50 

Steam-boiler Explosions in Theory and in Practice i2mo i 50 

Manualof Steam-boilers', Their Designs, Construction, and Operation. Svo, 5 00 

Weisbach's Heat, Steam, and Steam-engines. (Du Bois.) Svo, 5 00 

Whitham's Steam-engine Design. Svo, 5 00 

Wilson's Treatise on Steam-boilers. (Flather.) i6mo, 2 50 

Wood's Thermodynamics Heat Motors, and Refrigerating Machines.... Svo, 400 



MECHANICS AHD MACHIHERY. 

Barr's Kinematics of Machinery 8vo, 2 so 

Bovey's Strength of Materials and Theory of Structures Svo, 7 so 

Chase's The Art of Pattern-making i2mo, 2 so 

ChordaL — Extracts from Letters i2mo, 2 00 

Church's Mechanics of Engineering 8vo, 6 00 

Notes and Examples in Mechanics Svo, 2 00 

Compton's Fh-st Lessons in Metal-working i2mo, i so 

Compton and De Groodt's The Speed Lathe. i2mo, i so 



Cromwell's Treatise on Toothed Gearing i2mo, i so 

Treatise on Belts and Pulleys i^™". ' So 

Dana's Text-book of Elementary Mechanics for the Use of Colleges and 

Schools ""»• ' 50 

Dingey's Machinery Pattern Making izmo. ^ o" 

Dredge's Record of the Transportation Exhibits Building of the World's 

Columbian Exposition of 1S93 4to, half morocco, s 00 
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Du Bo's's Elementary Principles of Mechanics: 

Vol. I. — Kinematics 8vo, 3 50 

Vol II.— Statics 8vo, 4 00 

Vol. III. — Kinetics 8vo, 3 50 

Mechanics of Engineering. Vol. I Small 4to, 7 50 

VoL II Small 4to, 10 00 

Durley's Kinematics of Machines 8vo, 4 00 

Fitzgerald's Boston Machinist i6mo, i 00 

Flather's Dynamometers, and the Measurement of Power lamo, 3 00 

Rope Driving I2m0t 3 00 

Goss's Locomotive Sparks 8vo 2 00 

Ball's Car Lubrication i2mo, i 00 

Holly's Art of Saw Filing i8mo, 75 

» Johnson's Theoretical Mechanics i2mo, 3 00 

Statics by Graphic and Algebraic Methods Svo, 2 00 

Jones's Machine Design : 

Part I. — Kinematics of Machinery 8to, i 50 

Part n. — Form, Strength, and Proportions of Parts 8vo, 3 00 

Kerr's Power and Power Transmission 8vo, 2 00 

Lanza's Applied Mechanics Sto, 7 50 

UacCord's BLinematics; or. Practical Mechanism 8vo, 5 oo 

Velocity Diagrams Svo, i 50 

Maurer's Technical Mechanics 8va, 4 00 

Merriman's Text-book on the Mechanics of Materials Svo, 4 00 

* Michie's Elements of Analytical Mechanics Svo, 4 00 

Reagan's Locomotives: Simple, Compound, and Electric i2mo, 2 50 

Reid's Course in Mechanical Drawing Svo, 2 00 

Text-book of Mechanical Drawing and Elementary Machine Design . . Svo, 3 00 

Richards's Compressed Air i2mo, i 50 

Robinson's Principles of Mechanism Svo, 3 00 

Ryan, Norris, and Hoxie's Electrical Machinery. Vol. I Svo, 2 50 

Sinclair's Locomotive-engine Running and Management i2mo, 2 00 

Smith's Press-working of Metals Svo, 3 00 

Materials of Machines i2mo, i 00 

Spangler, Greene, and Marshall's Elements of Steam-engineering Svo, 3 00 

Thurston's Treatise on Friction and Lost Work in Machinery and Mill 

Work Svo, 3 00 

Animal as a Machine and Prime Motor, and the Laws of Energetics . i2mo, i 00 

Warren's Elements of Machine Construction and Drawing Svo, 7 50 

Weisbach's Kinematics and the Power of Transmission* (Herrmann — 

Klein.) Svo, 5 00 

Machinery of Transmission and Governors. (Herrmann — Klein.). Svo, 5 00 

Wood's Elements of Analytical Mechanics Svo, 3 oo 

Principles of Elementary Mechanics i2mo, i 25 

Turbines Svo, 2 50 

The World's Columbian Exposition of iS<)3 4to, i 00 

METALLURGY. 

Egleston's Metallurgy of Silver, Gold, and Mercury: 

VoL I. — Silver Svo, 7 So 

Vol. II. — Gold and Mercury Svo, 7 50 

** Iles's Lead-smelting. (Postage g cents additional.) i2mo, 2 50 

Keep's Cast Iron Svo, 2 50 

Kunhardt's Practice of Ore Dressing in Europe Svo, i so 

Le Chatelier's High-temperature Measurements. (Boudouard — Burgess.) . i2mo, 3 00 

Metcalf 's SteeL A Manual for Steel-users i2mo, 2 00 

Smith's Materials of Machines izmo, i 00 
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Thurston's Materials of Engineerine. In Three Parts 8vo 8 oo 

Part II.— Iron and Steel ' ' \^g' 

Part m.— A Treatise on Brasses, Bronzes, and Other Alloys and their 
Constituents g^^, 

mice's Modem Electrolytic Copper Refining '.'.'.'.'.'.'.". 8vo' 



3 SO 

2 SO 
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MIHERALOGY. 
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Barringer's Besetiption of Minerals of Commercial Value. Oblong, morocco, 

Boyd's Resources of Southwest Virginia 8vo, 

Map of Southwest Virginia Pocket-book ioim. 

Brush's Manual of Determinative Mineralogy. (Penfield.) 8vo, 

Chester's Catalogue of Minerals 8vo, paper. 

Cloth, 

Dictionary of the Names of Minerals 8vo, 

Dana's System of Mineralogy. Large 8to, half leather. 

First Appendix to Dana's Hew "System of Mineralogy." Large 8vo, 

Text-book of Mineralogy 8vo, 

Minerals and How to Study Them lamo. 

Catalogue, of American Localities of Minerals Large Sto, 

Manual of Mineralogy and Petrography I2ma, 

Eakle's Mineral Tables 8vo, 

Egleston's Catalogue of Minerals and Synonyms 8vo, 

Hussak's The Determination of Rock-forming Minerals. (Smith.) Small Svo, 
Merrill's Non-metaUic Minerals: Their Occurrence and Uses Svo, 

* Penfield's Notes on Determinative Mineralogy and Record of Mineral Tests. 

Svo, paper, o so 
Rosenbusch's Microscppical Physiography of the Rock-making Minerals. 

(Iddings.) Svo, s oo 

* Tillman's Text-book of Important Minerals and Docks Svo, 3 oo 

Williams's Manual of Llthology Svo, 3 00 

MraiHG. 

Beard's Ventilation of Mines i2mo, ;> 50 

Boyd'^ Resources of Southwest Virginia Svo, 3 00 

Map of Southwest Virginia Pocket-book form, 2 00 

* Drinker's Tunneling, Explosive Compounds, and Rock Drills. 

4to, half morocco, 25 00 

Eissler's Modem High Explosives Svo, 4 00 

Fowler's Sewage Works Analyses i2mo, 2 00 

Goodyear's Coal-mines of the Westem Coast of the United States i2mo, 2 so 

Ihlseng's Manual of Mining Svo, 4 00 

** Iles's Lead-smelting. (Postage gc. additionaL) i2mo, 2 50 

Kunhardt's Practice of Ore Dressing in Europe 8vo, i so 

O'Driscoll's Notes on the Treatment of Gold Ores Svo, 2 00 

* Walke's Lectures on Explosives Svo, 4 00 

Wilson's Cyanide Processes lamo, i so 

Chlorination Process i2mo, r so 

HydrauUc and PUcer Mining "mo, » 00 

Treatise on Practical and Theoretical Mine Ventilation i2mo 1 25 

SAOTTARY SCIEHCE. 

Gopeland's Manual of Bacteriology. (Jn preparation.) 

Folwell's Sewerage. (Designing, Construction and Maintenance.; Svo, 3 00 

Water-supply Engineering Svo, 4 00 

Fuertes's Water and PubUc Health i2mo, i so 

Water-filtration Works ""»o, 250 
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Gerhard's Guide to Sanitary House-inspection iSmo, i oo 

Goodricli's Economical Disposal of Town's Refuse. Demy 8to, 3 50 

Hazen's Filtration of Public Water-supplies 8vo, 3 00 

Eiersted's Sewage Disposal. i2mo, i 25 

Leach's The Inspection and Analysis of Food with Special Reference to State 

ControL (In preparation,) 
Mason's Water-supply. (Considered Principally from a Sanitary Stand- 
point.) 3d Edition, Rewritten .' 8vo, 

Examination of Water. (Chemical and Bacteriological.) izmo, 

Merriman's Elements of Sanitary Engineering Svo, 

Nichols's Water-supply. (Considered Mainly from a Chemical and Sanitary 

Standpoint.) (1883.) 8vo, 

Ogden's Sewer Design izmo, 

Prescott and Winslow's Elements of Water Bacteriology, with Special Reference 
to Sanitary Water Analysis. . izmo, 

* Price's Handbook on Sanitation i2mo, 

Richards', Cost of Food. A Study in Dietaries i2mo. 

Cost of Living as Modified by Sanitary Science i2mo, 

Richards and Woodman's Air, Water, and Food from a Sanitary Stand- 
point Svo, 

* Richards and Williams's The Dietary Computer Svo, 

Rideal's Sewage and Bacterial Purification of Sewage Svo, 

Tumeaure and Russell's Public Water-supplies Svo, 

Whipple's Microscopy of Drinlcing-water 8yo, 

Woodhull's Notes and Military Hygiene i6mo, 

MISCELLAIfEOtrS. 

Barker's Deep-sea Soundings Svo, 2 00 

Emmons's Geological Guide-book of the Rocky Mountain Excursion of the 

International Congress of Geologists , Large Svo i so 

Ferrel's Popular Treatise on the Winds Svo 4 00 

Haines's American Railway Management i2mo„ 2 so 

Mott'sCompasition,Digestibility.andNutritiveValueof Food. Mounted chart, i 25 

Fallacy of the Present Theory of Sound i6mo i 00 

Ricketts's History of Rensselaer Polytechnic Institute, 1S24-1894. Small Svo, 3 00 

Rotherham's Emp&asized New Testament Large Svo, 2 00 

Steel's Treatise on the Diseases of the Dog 8va, 3 50 

Totten's Important (Question in Metrology Svo 2 50 

The World's Columbian Exposition ot 1893 4to, 1 00 

Worcester and Atkinson. Small Hospitals, Establishment and Maintenance, 
and Suggestions for Hospital Architecture, with Plans for a Small 

Hospital i2mo, I 25 

HEBREW Ain) CHALDEE TEXT-BOOKS. 

Green's Grammar of the Hebrew Language Svo, 3 00 

Elementary Hebrew Grammar i2mo, i 25 

Hebrew Chrestomathy Svo, 2 00 

Gesenius's Hebrew and Chaldee Lexicon to the Old Testament Scriptures. 

(Tregelles.) Small 4to, half morocco, 5 00 

Letfi ris's Hebrew Bible Svo, 2 25 
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